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@Use of prestressed concrete in bridge 
construction was extended in several direc- 
tions in building this attractive bridge in 
downtown Houston. 


The structure is a flat-slab, continuous 
over three sets of columns. The deck fol- 
lows both horizontal and vertical curves. 
Column rows are skewed at different angles 
with respect to bridge’s centerline, which is 
curved to a radius of 764 ft. 


Despite problems created by continuity, 
curvature and skewed supports, the deck 
was prestressed with steel tendons con- 

tinuous over the full 225-ft. length. This steel also undulates ina vertical plane to 
apply upward and downward forces that counteract bending stresses due to loads 
on the deck. 


The new bridge carries lanes of traffic on Waugh Drive over an extension of 
Memorial Drive, which it intersects at a 45 deg. angle. The flat slab deck is 72 ft. 
wide. Stringent clearance requirements dictated the use of flat-slab design. 


The public is pleased with the beauty and utility of this unique bridge. Designer 
and Contractor are equally pleased with the performance of Lone Star Cement, 
12,500 bbls. of which was used in this attractive structure. 
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ATTENTION ... 


A change in publication of 


DISCUSSION 


For papers appearing in July through 
December of 1956, discussions will appear 


at the end of June 1957 JOURNAL. 


lo reduce the delay between publication of a paper and the appearance of discussion 
of that paper, the Technical Activities Committee has made this change. Discussion of the 
remaining papers in Proceedings Volume 53— January through June, 1957—will appear 


in Part 2, December 1957, along with the volume index as usual 


JULY-DECEMBER 1956 DISCUSSION 
WILL APPEAR IN JUNE 1957 
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SYNOPSIS 


The principal dimensions of a pavement slab are length, width, and thick- 
ness. These dimensions and the factors which determine them are discussed 
separately and typical examples are given of the determination of slab 
thickness for specific sets of conditions 


SLAB LENGTH 


Slab length is the distance between adjacent transverse joints of any kind 
Determination of the proper length of concrete pavement slabs involves a 
consideration of several factors, some of which depend upon longitudinal 
slab stresses, however produced, and others upon the pavement design, con 
struction, maintenance, and past performance under traffic. All of the 
factors involved must be so balanced against each other that the slab length 


finally chosen will result in optimum pave ment periormance Lhe economic 


phase of the problem is important and optimum performance must be at- 
tained at a cost which, although not necessarily the minimum, does not, 
however, exceed the value of the benefits produced. 


The width of joint opening at a time of low temperature will be influenced 
by slab length; the longer the slab the greater will be the joint opening. This 
must be taken into consideration by the designer, for the difficulty in main 
taining a joint when there is excessive movement mav make it necessary to 
impose a limit on the slab length. 


Similarly, the methods for designing longitudinal steel for conerete pave 


ment slabs require an increase in weight of steel reinforcement as the slab 


length is increased. Thus, the slab length ol a re inforeed concrete pavelne rt 
is influenced by the amount of longitudinal stee! This interrelationship 
will be discussed in connection with the subject ol steel reinforcement 
*Prepared as 4 rt of the work of ACI ¢ 
and Airports IL he port was submitted to the 
two negative 
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Because of the significant influence of longitudinal steel it is appropriate 


to discuss the subject of slab length under two headings, namely, plain 
concrete pavements and reinforced concrete pavements. 


Plain concrete pavements 

Concrete pavements built without distributed steel and without transverse 
joints other than construction joints placed at the end of each day of work, 
tend to crack into slabs of varying length. The cracks which form are caused 
by stresses which have several origins. 

a. Frictional stresses—Virst, there is the direct tensile stress caused by the 
contraction or shrinkage of the slab when the temperature drops or the 
moisture content of the concrete is lowered. Most pavement concrete is 
placed on warm summer days and the moisture content of the slab is high 
at the time the concrete hardens. Lowered temperatures are likely to be 
encountered during the first night after placement and moisture content 
will begin to drop through evaporation and absorption by the subgrade. 
Both these changes cause shrinkage of the concrete when it has acquired but 
little strength. This shrinkage is resisted by the subgrade and the resulting 
tension which develops in the slab may cause transverse cracks to form. 
The spacing of these cracks will depend on the subgrade coefficient of friction 
and on the strength of the concrete at the time the shrinkage occurs. It may 
be expressed mathematically as: 


in which L length of slab, f 
fi’ tensile strength of concrete at time crack forms, psi 


Fo = coefficient of friction between slab and subgrade 


This equation is for concrete weighing 144 lb per cu ft. Because subgrade 
friction is difficult to evaluate and the strength of the concrete is changing 
rapidly, the actual lengths of slabs which form vary considerably. Stresses 
having other origins will cause more frequent cracking and shorter slabs than 
would be produced by this contraction effect alone. 

b. Warping stresses —F lexural stresses within the slab which are caused by 
differences in the volume change of the concrete in the top and bottom of 
the slab are commonly called “warping” stresses, and sometimes “curling” 
stresses. 

Warping stresses are flexural stresses produced by the dead weight of the 
slab when it tends to be warped out of contact with the subgrade. There 
generally exists a temperature differential between the top and bottom of 
the slab, a higher temperature at the top than at the bottom during the day 
and the reverse at night. Just what that differential might be is governed 
by the local weather conditions. Typical differentials determined for the 
vicinity of Washington, D. C., are +2 to 3 F during the day and | deg 
at night, per inch of thickness. Thus, if the pavement is 8 in. thick, there 





9ELECTION OF SLAB DIMENSIONS 435 


could be approximately 16 to 24 deg higher temperature at the top than at 
the bottom of the slab, which tends to cause the pavement to become convex 
upward, thus producing tension at the bottom. At night the effect is re- 
versed; the pavement tends to warp upward at the sides and at transverse 
joints, and tension is thus produced at the top surface and particularly at 
the corners due to the warping of the slab and combines with tensile stresses 
produced by the wheel loads. Moisture differentials have the same general 
stress-producing effect although probably not as severe as that due to 
temperature. 

Quite obviously the harder the subgrade the more severe will be the warp- 
ing stresses because a hard subgrade does not yield as readily as a softer 
subgrade as the slab tends to become warped. The subgrade reaction pres- 
sures are more concentrated when the subgrade is hard and a relatively 
higher bending moment is thereby produced. 

Formulas have been written to indicate the magnitude of these stresses for 
conditions over-simplified to such a degree that rarely do the actual conditions 
approach those assumed. For that reason the formulas for warping stresses 
have little or no practical application. This does not mean that warping 
stresses do not occur or do not at times develop considerable magnitude. 
Sut with the conditions under which a concrete pavement must serve, includ- 
ing fluctuating air temperatures, surface alternately exposed to or protected 
from direct sun’s rays, slab in contact with a moist subgrade below it and with 


the top exposed to moisture conditions ranging from rainfall to winds of low 


humidity, the simple conditions required for warping stress formulas to be 
applicable do not exist. However, formulas for warping stresses serve a 
useful purpose in determining “order of magnitude” stresses due to warping 
of the slabs 

This subject of warping stresses is complicated and has been treated in 
theory. Apparently, warping stresses can at times be extremely high and 
their effect on the transverse cracking of a pavement slab is marked. Kelley* 
has discussed this matter and has computed warping stresses for 6- and 9-in. 
slabs for two different subgrades (k 100 and / 300) and has made 
certain observations which are important. These are as follows: 

1. Increases in the length of the slab beyond about 18 ft in the case of the 6-in 
slab, and about 24 ft in the case of the 9-in. slab, have no great influence on maximum 
edge or interior temperature-warping stresses Below these limits, decreases in slab 


length result in rapid reduction in these stresses 


2. For the longer slabs the maximum temperature-warping stresses in the 9-in 
slab exceed those in the 6-in. slab by 40 to 50 percent However, for slab lengths leas 
than about 17 It lor } 100 and 5) It lor / = 500, these stresses in the bin slab « x 


ceed those in the 9-in. slab by as much as 50 psi. 


4. Variations in the value of the subgrade modulus have no significant influence on the 
temperature-warpil tresses in long slabs. However, for short slabs increases in the 


value of the subgrade modulus result in considerable increases in the computed stresses 


tesults of Research to the Structural Design Pavements,"’ ACI Jounn 
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Fig. 1—Temperature-warping stresses— interior of slab 


Fig. 1 and 2 show that the order of magnitude of warping stresses in the 9-in. slab for 

k = 300 may exceed those for k = 100 by more than 100 psi. 

Warping stresses due to moisture differential are relatively small and may 
safely be neglected in any computations of pavement thickness. It is im- 
practicable to show the development of formulas for warping stresses, but 
the reader is referred to the selected references (p. 454) and to the formulas 
useful in slab design appearing later in this report. 

c. Other influences on slab length—The number and complex nature of the 
stresses which lead to transverse cracking are such that theoretical relation- 
ships alone are not sufficient to determine optimum slab length for unrein- 
forced pavements. Supplementary information based on observations of 
pavements in service is needed. Pavements subjected to different conditions 


and made with different materials display cracking intervals not explained 


by established relationships. 

Among the major factors affecting crack interval are the volume-change 
characteristics and tensile strength of the concrete, which are functions of 
the aggregates, proportions, and the cement used. Combinations which 
produce high volume changes and low flexural strengths will result, for similar 
conditions, in shorter slabs than more favorable combinations. 

Among the principal factors which contribute to high volume changes are: 
(a) aggregates of high thermal coefficients of expansion; (b) high ratios of 
fine to coarse aggregate; (c) high water content and, to a minor degree, (d) 
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Fig. 2—Temperature-warping stresses—edge of slab 


high cement factors. Factors contributing importantly to low flexural 
strengths are: (a) coarse aggregates containing a significant number of parti 
cles of low strength; (b) certain hard, dense, coarse aggregates with smooth 
surfaces which result in poor bond between the mortar and the coarse aggre 
gate; and (c) a weak mortar, which may result from any of several causes 
including the strength-producing properties of the fine aggregate, the amount 
of cement and mixing water, and the strength-producing properties of the 
cement. 

Characteristics causing high volume changes may coincide with those 
resulting in high flexural strengths, and the reverse may be true. Other factors 
such as underlying soil, prepared subgrade, climate, and traflic are important 
in their influence on cracking. To control the frequency of cracking it is good 


practice to build joints into the pavement. For average conditions in non 


reinforced pavements 20-ft slab lengths are commonly used. Under adverss 
conditions it may be necessary to use a slab length of 15 ft to avoid inter 
mediate cracking whereas under more favorable conditions slab lengths of 
25 ft may be used. 

In plain concrete pavements, by the use of a proper slab length, inter 
mediate cracking will be controlled and the amount of opening of the joints 
will be minimized, thus making easier effective sealing. Under large volumes 
of heavy truck traffic load transfer devices are necessary to supplement the 
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load transfer action of aggregate interlock. If dependence is placed on ag- 
gregate interlock for load transfer, there must be excellent subgrade support 
and no expansion joints should be used. 

Reinforced concrete pavements 

The fundamental purpose of distributed reinforcing steel as used in con- 
crete pavements is not to prevent cracking of the concrete but to hold tightly 
closed any cracks that may develop from any cause whatsoever. Although 
the concrete of either a plain or a reinforced section will rupture in tension 
at substantially the same stress, experience has shown that, under com- 
parable conditions, a plain pavement will generally develop more visible 
cracking than a reinforced pavement. If bond is permitted to develop, 
thereby checking the development of incipient crack fissures, reinforcement 
holds many such cracks to microscopic dimensions and thereby prevents 
or delays the appearance of eye-visible cracks. Furthermore, by rendering 
structurally harmless the first cracks that do develop, reinforcement prevents 
or lessens additional progressive cracking. But, regardless of any effect in 
limiting the amount of cracking, distributed reinforcement performs the 
important structural function of preventing the progressive opening of any 
cracks that occur. By holding cracks tightly closed, reinforcement renders 
all cracks self-doweling, thereby preventing the development of independent 
slab edges, maintaining evenness of surface, and safeguarding the structural 
strength of the pavement as a whole, even though the original slabs may have 
become subdivided by cracking into units of any possible size or shape. Thus 
reinforcement serves both to reduce the amount of ultimate cracking and 
also to control the character of the cracks that do oecur. 

Distributed reinforcement, as commonly employed in pavements, is not 
utilized in amounts sufficient to produce a reinforced beam section such as 
would be used in a building or a bridge. To do so would necessitate the use 
of such large quantities of steel as to render a concrete pavement prohibitive 
in cost. Furthermore, experience has indicated that such large amounts of 
steel are not necessary in pavement slabs. 

In recent years, for continuous reinforced concrete pavements, the theory 
has been advanced that joints may be completely eliminated (or practically 
so) and that, except for construction joints which are so completely tied that 
they do not function as a joint, the slab length may be increased indefinitely 
up to the length of the project being paved. Formulas previously used for 
design of distributed steel are not applicable to continuously-reinforced slabs 
and a few experimental projects have been undertaken to determine the 
practicability of the theory and how much steel would be required. It cannot 
be said that these experimental projects have as yet supplied a definite answer 
to either question. Therefore, at the present time, it is considered impractical 
to prepare standards of design for continuously-reinforced pavements and in 
this discussion of slab length no attempt will be made to cover that subject. 

Since effective crack control can be maintained by the addition of distrib- 
uted steel, the length of a reinforced concrete slab depends upon: 
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a. The cost of distributed steel 

b. The initial cost of joints, including load transfer devices 

c. The cost of joint maintenance 

The amount of steel required to keep cracks tightly closed increases with 
the slab length. As slab length decreases, the number and cost of transverse 
joints per square yard of pavement increases. If the slabs are longer than 
about 25 ft (and under some conditions when they are 20 ft or even less) the 
amount of joint opening will be enough to reduce aggregate interlock to the 
point where it may be of little value for load transference. For such con- 
ditions the joints should be equipped with adequate mechanical load trans 
ference devices. Within the limits of permissible opening and closure of 
joints, slab length should be fixed so that the cost of distributed steel in 
place plus the cost of joints plus joint maintenance is at a minimum. This 
will differ from place to place and with changing costs of steel and labor 
The lowest costs probably will be attained when the joint spacing lies approx 
imately in the range of 40 to 70 ft. 


It is difficult and perhaps practically impossible to maintain an adequate 


seal at a joint with present sealing material if the seasonal fluctuations in 
joint width exceed about 50 percent of the original width of the sealing reser 
voir.* If temperature were the only factor it would be easy to compute the 
slab length that would result in any given variation in joint width. Actually, 
however, moisture content is usually highest at low temperatures and lowest 
at high temperatures. ‘Thus, the change in moisture content tends to cause 
the slab length to increase when the temperature causes it to decrease, and 
vice versa. Also, resistance of the subgrade slightly reduces the amount of 
movement of slab ends. However, maximum expansion ol the pavement 
and maximum closing of expansion joints take place in the spring, due to the 
combined effects of moisture and temperature. 

Since the economical length of slab, considering initial cost of joints and 
distributed steel, extends up to 70 ft and because it is more difficult’ and 
costly to maintain a joint with an opening larger than that usually attained 
with a 50-ft slab length, it seems possible that the economical slab length 
for a reinforced concrete pavement is in the neighborhood of 60 ft. Some 
analyses, however, indicate that a length not in excess of 40 ft might be more 
desirable to minimize the difficulty of joint maintenance 


Slab lengths required by state highway departments 

As a result of a survey of concrete pavement practices in the various states 
it was found that, in 1952, slab lengths varied from 15 to 100 ft and few 
changes in lengths were reported in 1952 as compared with 1948. Sixteen 
states reported construction of 15- to 20-ft slab lengths in 1948 and also ir 
1952, several states with reinforcement but most of them with plain slabs 
In 1948 and again in 1952, seven states reported the slabs they constructed 
were between 70 and 100 ft long. The only changes in slab lengths reported 


*Anderson, A. A Expansion Joint Practice in Highway Construction,’ Transactions, ASCE, V. 114, 1949, py 
1159-1168. 
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were in the 30- to 40-ft lengths. In 1948, eight states reported slab lengths 
of approximately 30 ft and five states reported slab lengths of approximately 
10 ft, whereas in 1952 only five states reported slab lengths of 30 ft and eight 
states reported slabs of approximately 40 ft in length. 


SLAB WIDTH 


The over-all width of a pavement is dependent largely on the traffic require- 
ments, whether in a highway or an airport. Once the over-all width has been 


established, the pavement should be constructed so that irregularly shaped 


longitudinal cracks caused by excessive transverse bending strains due to 
temperatures and loads will not develop. The prevention of excessive trans- 
verse stress requires the building of longitudinal joints into the slab, thus 
dividing the pavement into lanes with adequate transverse resisting moment. 
Highway slabs 

a. Pavement width requirements for traffic—One of the most important 
conditions which affects the capacity of a highway is lane width. Studies* 
made by the Bureau of Public Roads indicate that desirable clearances for 
commercial vehicles require a 24-ft pavement, or a 12 ft lane width. When 
a passenger car meets a commercial vehicle on a pavement 22 ft wide, the 
passenger car has the desired center and edge clearances, but the commercial 
vehicle does not. Hazardous traffic conditions exist on pavements less than 
22 ft wide that carry even moderate volumes of mixed traffic. Narrow lanes 
have a considerably lower capacity than the 12-ft lanes which are at present 
considered necessary for heavy volumes of mixed traffic. The practical 
capacity of a 9-ft lane is only about 70 percent of that of a 12-ft lane. How- 
ever, on secondary roads, 11-ft, and even 10-ft lanes are sometimes used, but 
are not recommended for pavements carrying the heaviest vehicles. The 
determination of pavement widths for channelized intersections and also of 
minimum desirable widths of turning lanes are special problems in width 
design. Of primary importance for determining lane width in such cases 
are radius of curvature and design and length of vehicle. This subject is 
too complicated for adequate treatment in this report and is available else- 
where. T 

b. Slab width requirements to prevent longitudinal cracking—Analysis of and 
experience with highway pavement slabs above 12 ft wide shows that ex- 
cessive transverse bending stresses due to temperature and loads are apt to 
develop and thus produce irregularly shaped longitudinal cracks near the 
middle of the slab. The type of longitudinal joint, whether construction 
or hinge type, depends on the width of the paving lane. Some states pave two 
traflic lanes in one operation; others pave one lane at a time. In the former 
case, a longitudinal weakened plane joint is installed or produced by sawing 
at early age and before use, while in the latter case a construction joint is 
required, 

*Taragin, A., “Effect of Roadway Width on Vehicle Operation,” Public Roads, V. 24, No. 6, 1945, pp. 143-160 


1 Bellis, W. R., “Directional Channelization and Determination of Pavement Widths,"’ Bulletin No. 72, Highway 
Research Board, 1953. 
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Airport slabs 

tunway pavements are considerably wider than highway pavements. 
Karly runways consisted of landing strips 500 ft wide made of packed native 
soil with or without turf. For the more important fields, the then Bureau of 
Air Commerce recommended a 100 ft width of “hard surface” in the center 
of the strip. This width of 100 ft represents the early thinking regarding 
the required width. A search of the early Bureau of Air Commerce documents 
does not reveal the reasoning for the choice of 100 ft. It can, therefore, be 
presumed that the choice was arbitrarily made from experience. As air- 
craft became larger, this width gradually increased so that during the second 
world war the acceptable standard for large fields was 150 ft. Today the 
very large fields have widths of 200 and up to 500 ft, 150 ft being retained for 
all other airports serving scheduled air transport. Taxiway widths have 
gradually increased from 50 ft for the moderate size airports to 100 ft for the 
largest fields. 

Portland cement concrete runways and taxiways are normally constructed 
in longitudinal strips, 20 to 25 ft in width. The spacing of the longitudinal 
construction joints is, therefore, dependent primarily on the width of the 
paving equipment. Midway between the longitudinal construction joints, a 
weakened plane joint of the dummy type is installed. In its latest engineer 
ing manual the Corps of Engineers has recommended elimination of the 
center joint for all slabs 10 in. or more in thickness. 


SLAB THICKNESS 


The reinforcement or replacement of concrete pavements that are inadequate 


for vehicles or aircraft, heavier than the types for which the pavement was 
originally designed, is an extremely costly procedure. In military airfields, 
it involves the immobilization of runways and taxiways with consequent 
delays in the training programs. In the case of heavily trafficked highways, 
it involves serious problems in the re-routing of the traffic or the costly con- 
struction of miles of detour roads to be used during the reconstruction of 
the main thoroughfares. 


Basic concepts 
During the past 40 years many investigations have been made looking 
toward the rational determination of pavement thickness. Important facts 
have been disclosed as a result of these investigations; and the causes of high 
stresses are now well known. At this point it is well to review in a general 
way some of these important facts as they relate to slab thickness: 
1. Warping stresses due to differential temperatures between the top and bottom 
of the slab are daily occurrences. Their magnitude is high and they, combined with 
load stresses, can and often do produce transverse cracking in the pavement 
2. Heavy wheel loads also produce high bending stress, especially along the edges 
of the slab and near the corners, but these are of lesser amount in the center of the slab 


Excessive bending can produce accentuated pumping. 
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3. Load transfer across joints or cracks helps to relieve bending stresses at joints, 
edges, and corners. 

4. Distributed steel does not prevent cracking but it does hold the slab together at 
the cracks so that faulting of the pavement at these cracks is avoided. When cracks 
occur, the high warping stress which formerly existed there becomes negligible 

5. Subgrade friction in slabs longer than suitable for unreinforced pavements should 
be overcome by longitudinal steel which must be sufficiently strong to prevent its 
failure due to excessive tension. 

6. Concrete suffers fatigue under repeated heavy loading and the importance of this 
fact must at least be considered in any theory of pavement design. 

7. Concrete in pavements generally fails by tension produced either directly or 
through bending. 

There are other facts which are important but the above are the most cri- 
tical. 

Recommendations 

Warping—a. If the warping stress is not combined with the load stress for 
determining the thickness in plain concrete pavements, the spacing of joints, 
as discussed elsewhere, must be kept to a small value, for otherwise the com- 
bined warping and load stress will cause a transverse crack to form, and as 
this crack opens, as it well may, aggregate interlock disappears and the slabs 
will fault, thus producing destructive impact from traffic. In plain concrete 
slabs with properly spaced joints, direct longitudinal tension due to subgrade 
friction would be too small to consider for use in thickness design. 

Accordingly, when designing plain slabs, warping stresses as well as load 
stresses must be considered and the joints should be spaced so as to prevent 
intermediate cracks from forming due to these combined stresses. 

b. When a slab is adequately reinforced longitudinally, although the 
warping stress combined with load stress is almost as apt to create trans- 
verse cracking as in the plain slab, the crack which forms will be a fine crack 
and the warping stress will almost disappear at the crack where it formerly 
was of considerable magnitude, but the aggregate interlock will persist, thus 
preventing the slab from faulting. Thus there seems to be no need for taking 
warping stresses into account when designing a reinforced concrete pavement. 

Direct tension—As concrete is weaker in tension than in compression, failure 
will generally be produced under conditions which produce high tensile stresses, 
whether by flexure or by direct tension. The contraction of the pavement due 


to drying shrinkage or a decrease in temperature has the effect of producing 
direct tension caused by the restraint of the subgrade. These tensile stresses 


are relatively low and need not be considered for design purposes. 

Fatigue and allowable stress—Concrete suffers fatigue when the stress ex- 
ceeds about 55 percent of the modulus of rupture, but if the design is such 
that the stress is less than 55 percent of the modulus of rupture, for practical 
purposes there is no fatigue. When the loads are heavier and produce a 
higher bending stress, more rapid fatigue takes place. During the years as 
the number of applications of these fatiguing stresses is increasing, so is the 
modulus of rupture of the concrete with age. Likewise, in service there is 
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a period of recovery between loads which should be taken into account, for 
it helps to neutralize this fatiguing action. These considerations lead to the 
thought that if the pavement is designed so that the maximum stress is no 
greater than half the modulus of rupture, fatigue will not enter into the 
design problem as an important factor. For this reason it seems logical to so 
design the pavement thickness that under the assumed maximum wheel load 
the stress will be restricted to roughly half the modulus of rupture. The 
assumed wheel load should be greater than the legal load limit, and it is well 
to assume an additional 10 percent for impact. 


Combined warping and load stresses—The warping action of differential 
moisture or temperature between the top and bottom of the slab may pro- 
duce severe bending stresses and hence their possible combination with other 
bending stresses, principally those due to wheel loads, must be considered. 
The following combinations of loading conditions are possible: 


a. Night conditions: slab generally less contracted at bottom than at top and hence 
curled up at corners; temperature, lower at top than at bottom Loads along edge of 
slab and at corners—here there exists combined effect of load, temperature, and moisture 
which results in high tension at the corner of the slab at the top surface and also trans- 
verse tension at the top of the slab. 


b. Daytime: high temperature and expansion at surface, but generally low moisture 
and shrinkage at surface. Slab somewhat arched ut center. Loads have no severe 
stress effect at edge or corner since pavement is in contact with subgrade at edge 
Some tension at bottom of slab at center due to loads and weight of slab, but trans 
verse tension is not important when slab width is reduced by use of a longitudinal 
joint. Transverse tension was at one time important when full width slabs were used 
Inside wheel loading is more important during the day than at night due to the upward 
warping of the pavement. 

Undoubtedly at times the warping stresses and wheel load stresses are 
additive, but the frequency of the simultaneous occurrence of the highest 


load and warping stresses is low and need not be taken into account except in 
unreinforced slabs. 


Load stresses—Highway pavements, in particular, are subjected to widely 
varying wheel loads, generally consisting of a high frequency of light and 
a lower frequency of heavy wheel loads. The heavy wheel loads produce 
high bending stresses and the light loads an almost negligible stress. Concrete 
suffers fatigue when stressed above 55 percent of its modulus of rupture, 
and the closer the bending stress approaches the modulus of rupture, the 
greater will be the fatiguing effect, with the result that a comparatively 
few heavy loads may cause failure. Naturally, then, the magnitude of the 
wheel load which should be used in design theory is highly important. Several 
attempts have been made to choose a rational wheel load for design purposes 
taking into account the fatigue of concrete. It is here considered that the 
maximum wheel load for use in design should be that which the pavement 
will receive at infrequent intervals. 

Separate design criteria are applicable for concrete airport and highway 
pavements. For airport pavements computations of wheel-load stresses 
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for any given load and for different thicknesses of concrete refer to loading 
at an interior point of the slab. In the case of concrete highway pavements 
the computed stresses refer to corner slab loading. 

Concrete properties and tests—Since the theory of concrete pavement thick- 
ness design has reference to the flexural strength of concrete, tests of con- 
crete beams in flexure rather than the strength in compression of concrete 
cylinders should be included in all specifications for highway and airport 
pavement construction. 

The factor of safety against overstressing should have reference to direct 
measurements of the flexural strength and not to the estimated flexural 
strength obtained from compressive strength data. 

For satisfactory durability and low maintenance cost it is desirable to 
have a daily average flexural strength of 650 psi, provided aggregate and 
cement characteristics permit attaining this strength economically. Should 
650 psi be economically difficult to attain, a requirement of 600 psi may be 
used provided the slab thickness is designed accordingly. 

The method of making concrete specimens for tests in flexure should follow 
“Standard Method of Making and Curing Concrete Compression and Flexure 
Test Specimens in the Laboratory,’’” ASTM C 192-49. 

The method of test for strength in flexure should follow “Standard Method 
of Test for Flexural Strength of Concrete (Using Simple Beam with Third- 
Point Loading),”” ASTM C 78-49, except that not less than three beams 
should be made from any batch of concrete to be tested. 

The maximum allowable deviation from the mean in any number of tests 
of a given batch of concrete for strength in flexure should not exceed 10 
percent, and for thickness design purposes the maximum allowable fiber 
stress should not be greater than 50 percent of the average modulus of rupture 
specified. 

For the purpose of designing the thickness of pavement slabs, it is con- 
sidered that distributed reinforcement does not add to the flexural strength 
of the concrete. 


Theory for thickness design of pavements and its limitations 

Perhaps the most widely quoted theory for the thickness design of pave- 
ments is that of H. M. Westergaard. Others have also made notable con- 
tributions to pavement design theory and are referred to in the selected 
references, p. 454. 

The theory of Westergaard involves one important assumption that may 
be reduced to the simple expression: 

p t ¥ 


In Eq. (2), p is the unit reaction of the earth support acting on the slab, 
Z is the deflection of the slab, positive downward, and k is the modulus of 
foundation reaction. Obviously, Eq. (2) is not applicable to nonuniform or 


spot support of the slab. The theory does not pertain to the case of unsup- 
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ported corners and edges of slabs. The Westergaard k is assumed to be con- 
stant over the entire paved area and during the life of the pavement. Un- 
supported sections of slabs are developed by nonunitorm compaction of the 
subbase or subgrade, by traffic, by volumetric changes in the subbase, by 
pumping at joints, and by frost action. Adequate subgrade materials, sub- 
grade preparation, subbase design and construction and drainage must, 
therefore, be first realized if the rational Westergaard method of design of 
concrete pavement thickness is to be reliable 


Design of concrete pavement thickness 

For finding the modulus of foundation reaction, k, it is considered that a 
satisfactory procedure is by the use of loading tests with a 30-in. diameter 
steel plate. This test should be made, whenever possible, on trial sections 
of variable thicknesses of compacted subbase or of compacted subgrade if 
the subgrade material is suitable for a subbase. The control of moisture and 
density of the subbase is of paramount importance in this connection. 

The rational method of Westergaard has appeared in various publications 
and will not be presented here. It is recommended, however, that only the 
more recent publications be applied in the design of the thickness of concrete 
pavement (see selected references, p. 454). 


Computations of slab thicknesses 


Wheel loads produce flexural stresses in a concrete pavement. The pave- 


ment fails under a single application of load when the flexural stress is equal 
to or greater than its flexural strength or modulus of rupture. The factor 
of safety (F.S.) against overloading of the slab is: 


M.R 


f,’ 


In this expression, M.R. is the modulus of rupture (psi) and f,’ is the maxi- 


mum allowable bending stress (psi), provided it is not greater than 50 percent 


of M.R. 


THICKNESS DESIGN FOR AIRPORT PAVEMENTS 


Two procedures, one for a load on a single tire and one for a load distributed 
equally on dual tires will be described. 


Case I—Single tire loading 

The choice of coordinate axes is arbitrary. Let y be in the longitudinal 
direction of the concrete highway or runway pavement and let the x direction 
be normal to that of the y direction. Let the corresponding wheel load normal 
tensile stresses be designated as t(y) and t(2). The tire contact area tends to be 
of elliptical shape, the major axis having a length of from 1.5 to 2.0 times the 
length of the minor axis. Let a, and b, denote the semi-major and semi-minor 
axes, respectively. Let h denote the slab thickness at an interior point and 
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P the load on the single tire. Then the Westergaard expression for ¢(2) and 
u(y) (Poisson’s ratio assumed to be 0.15) when reduced to simplest form 1s 


k h 
bh 0.316 log, 
ht 


In this expression, the minus sign on the right corresponds to (7) and the 
plus sign to t(y). 
Kxample—Compute t(x), ify), and the factor of safety for the following 
conditions: 
BE, = 4,000,000 psi k 200 lb per cu in 
h = Win M.R 700 psi 
a, = Win. and b, 10 in. P 50,000 lb 


Substituting these values in the expression for t(z) and t(y), one obtains: 


x) = 377 psi 

ly) = 445 ps 
700 
145 


Then F.S 


Case Il—Dual tire loads 
For dual tire loading, the following expressions are used, assuming that 


Poisson’s ratio for concrete is 0.15. 


ir) 3P ‘ : ‘ 
- (1.15(B + R) = (0.4250 +S 
uy) 2nh? 


The coefficients, B, R, C, and S are “space and area coefficients” and are 
determined numerically by the spacing of loads and the shapes and sizes 
of the loaded areas. For elliptical tire contact areas, C = 0 and B = 0.1159.* 
With these values the foregoing expression may be written in the following 


aP [ 
Kz) | | (1.15)(0.1159 + R) * (0.4258 
ly) 2h’? L 


form: 


With reference to lig. 3, the stresses at points (such as | and 2) in the 


concrete below load A are within ellipse A and outside ellipse A’. The point 


3 is outside both ellipses. The expressions for the coefficients, R and S, are 
different for points inside and outside the ellipse. For example, the stress 
at point 2, under load A, is caused by the superposition of loads A and A’ 
at this point. For the stress at points such as 1 and 2 due to load A alone, 
the following expressions are used for computing the numerical values of 
Rand S. 


*See references 3, 4, and 5, 
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2/ 
R 0.5000 4+ log, | 
a ? 


both zero since this point 1s the origin. 


lor point | (Fig. 3), x and y are 
y is zero since the point is on the x axis. 


For point 2, « has a finite value but 
The stresses in concrete at interior points of ellipse A due to the load A’ 


the stresses at points such as 3 which is outside both ellipses, and the stresses 


within ellipse A’ due to load A require for their computation the use of the 


following expressions for R and 8S 


0.5000 


In the foregoing expressions for R and S, b, and a, are the semi-major 
minor axes of the ellipses, respectively; the two elliptic tire prints 
vith respect to size and shape; / is the radius of relative stiff- 


| 


and Semi 


being identical 
ab 


see Table 1] 


ness of the 


For concrete pavement, Poisson’s ratio, uw, is usually taken as 0.15 
The Westergaard expressions for place and area coeflicients and for Stresses 
in the slab utilize the first few terms of infinite series and are therefore ap 


Fig. 3—Dual tire loading 
concrete pavement 
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plicable for only “points at or near the loaded area’ (Westergaard). In 
the present case, dual tire loading, the expressions are applicable without 
appreciable error provided that the distance between the ellipses does not 
exceed the length of the major axis, which is 2b, (Fig. 3). If the two tires 
are farther apart than this it is much more accurate to use the influence 
chart and the graphical method of Pickett and Ray which is based on the 
exact and not the approximate procedure. 

The computed stresses at points 1, 2, 3, ete., of the lower diagram of Fig. 
4 are plotted in the upper diagram of this figure against the stresses at these 


several points. Then a smooth curve, as shown in this figure, is drawn through 


these plotted points. It is preferable to plot the distances of the points 1, 


3, ete., from the origin, in terms of a,, the minor semi-axis of each tire 
footprint. ‘The stress versus distance from the origin curve of the upper 
diagram has a maximum ordinate. In the diagram shown, this maximum 
is at a value of x that is slightly less than a,. The position of the maximum 
stress necessarily changes with changes in the distance between the loaded 


elliptical areas, that is, the tire spacing. 


TABLE 1—VALUES FOR / CORRESPONDING TO DIFFERENT & AND /* 


150 
iffneas, l 
40 
24.74 
5.15 
54 


*K, 1,000,000 psi and yu 


Radius of relative stiffness 
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Kxample—Find the maximum principal stress in the pavement at a point, 
a, under the follow Ing conditions: 


h 12 in Center-to-center spacing of tires 36 in 
P load on each tire 10,000 |b P 10,000 


364 sq 
load A load A 1.1* & tire pressure 1.1 & 100 _ 


3.1416ab = 364 
15a, = b, and 4.7124a? = 364 sq in 
Poisson's ratio (concrete), u 0.15 le 8.78 in. and b, = 13.17 in. 


Tire pressure 100 psi 


E.. of concrete 1,000,000 psi 
k (subgrade 200 Ib per cu in l radius of relative stiffness = 41.43 


Stresses caused by load A 


$2.86 
natural log of — » 
s is T 13 Li 


1.3297 0.400 1.4297 
0.4800 ().258 


Then 
3 & 40.000 
0.425 &* 0.28) 
2 X 3.1416 XK 144 


220) psi 


4 &* 40,000 


By load A, 7 major stress 1.5456 4+ 0.425 &* 0.28) 


2 X 3.1416 XK 144 


251 psi 


Stresses caused by load A’ 
In this case, 2 36 In 8.78 in 27.22 in. 


, 


82.86 
R 0.500 + log, 


27.22 + y 837 
0.405 and S 0.90 
for load A : 132.6 (1.15 & O.5% 0.425 * 0.90 
29 psi 


for load $2.6 (1.15 * 0.521 4+ 0.425 & 0.90 


Total ta + 29 = 249 psi 
Total ¢ 7 t ] i | 382 psi 
700 psi 
TOO 


1.83 
382 


“ 


If a smaller or larger factor of safety is desired, h, the slab thickness, can 


be decreased or increased to an extent indicated by the new computations 
for the altered value of h. 


lor airport runways subjected invariably to fast-moving loads which have 
a smaller stress-producing effect than static loads, it would seem that the 
*The factor 1 is the stiffness factor of the tires as a result of which the area of contact is leas than the tire load 


divided by the air pressure Value 1.1 is approximate and was established by the Bureau of Public Roads many 
years ago 
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above factor of safety is adequate. However, the designer may wish to 
provide for future heavier wheel loads by the use of a higher safety factor. 


HIGHWAY PAVEMENTS 


The relationship between slab thickness and axle loads is shown in Fig. 
1 and 5 for different conditions of subgrade support. These graphs are based 
on Eq. (12) and (13), respectively, for protected and unprotected slab corners. 
The formulas developed by Pickett* are used and two conditions are consid- 
ered: 

a. Protected corners—Provision has been made to transfer at least 20 per- 
cent of the load from one slab corner to the other by some adequate me- 
chanical means or by aggregate interlock. For this case 


Va/l 
0.925 + 0.22a/l 


b. Unprotected corners—There is no adequate provision for load transfer 


and one corner must carry over 80 percent of the load. 


J 


In the two foregoing formulas 

fi maximum tensile stress (psi) at the top of the slab and in the direction of th 
bisector of the corner angle 

P wheel load, lb (gross load plus impact). An impact allowance of 20 percent is 
recommended for pneumatic tires. 
thickness (in.) of a uniform-thickness conerete slab at a corner (or equivelent 

thickness of a thickened-edge slab) 

radius of relative stiffness (see Table 1) 

radius of a circular area equal to that of the actual area of contact of a singl 


tire with pavement. For dual tires, a is the radius of a circle of area equal to the 
sum of the area of contact of the two tires plus the area between them, assuming 
that the contact area of each tire is circular. 

Kxample—Compute the required thickness for a dual tire load of 11,200 
lb (5600 Ib on each tire). The center-to-center spacing of the two tires is 
15.6 in. and the tire pressure is 75 psi. The value of & is 100. The factor 
of safety is 2 for a modulus of rupture of 700 psi of concrete at 28 days wet 
curing. An impact factor equivalent to 20 percent of the load is added. 

The radius, a, of the circular area equal to the area of the equivalent. circle 
for one of the two tires plus the area of a rectangle having a length of 13.6 
in. and a width equal to the diameter of the equivalent circle for one of the 
tires is 10.68 in. In other words, 8.65 in. is the radius of a circle having an 
area equal to that of a circle of radius 5.34 in., plus the area of a rectangle 
having a length of 13.6 in. and a width of 10.68 in. 


*See references 3 and 5. 
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. 4——Design chart for portland cement concrete pavements protected corners 
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Fig. 5—-Design chart for portland cement concrete pavements—unprotected corners 
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Using the two simplified expressions 


13,440 B 


MD 


, protec ted corners 


20 & ) ( ; 
V he | M0 I . unprotected corners ( 15 
30 


where B is the quantity in brackets in Eq. (12) and (13), it is found by trial 


that A is 8 in. for protected corners and 9.5 for unprotected corners. The 
trial method is illustrated as follows. For the case of unprotected corners, 
for example, a value is arbitrarily assigned to h. Then B is computed and 
the expression under the square root sign in the expression on the right is 
computed. The procedure is repeated until the value for h and this ex- 


pression are made numerically equal. 


SUMMARY OF TRENDS IN HIGHWAY SLAB DIMENSIONS 


Surveys conducted to determine the trends in concrete pavement design 
show that changes are taking place in the thinking of engineers regarding 


slab dimensions. 


Slab length 

Slab length is defined by the distance between transverse joints, both 
expansion and contraction joints. 

Transverse expansion joints—There is a decided trend away from their 
use. Several years ago 27 states used expansion joints and 18 did not. ' In 
1952, only 17 states used expansion jJomts and 25 did not use them. In those 
states using expansion joints, there is a wide range in spacing, from 60 ft up 
to 1000 ft, and there is no particular spacing which seems to be most 
universally used. 

Transverse contraction joints—Transverse contraction joints are generally 
used, although there are some states in which no contraction joints are 
specified. Slab lengths vary from 15 to 100 ft; 16 of the states used lengths 
of 15 to 20 ft in 1952, seven states used lengths of 70 to 100 ft: in those states 
using 30- to 40-ft lengths, there seems to be a trend away from the 30- and 
toward the 40-ft length. 

As might be expected, generally when transverse joints are spaced at 
intervals of 20 ft or less, no reinforcement is required. However, there are 
several states not requiring reinforcement even when the joint spacing ex 
ceeds 20 ft, but these are in the minority. 


Pavement width 
There is a decided trend toward the use of wider pavements. <A 24-ft 
pavement is now almost universally used with two 12-ft lanes, although 
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there are some states building 22-ft pavements. It is significant that not a 
single state has reported building pavement widths of 20 ft, whereas several 
years ago this width was still being constructed. 
Thickness of pavement 

So far as thickness is concerned, there is a definite trend away from the 
thickened-edge pavement. Thirty-three states now specify uniform cross 
section only. There is a definite trend toward thicker pavements; those 
constructing 9- and 10-in. pavements have changed from two states in 1948 
to five states in 1952 and those states constructing 8-, 9-, and 10-in. pave- 
ments have changed from six states in 1948 to 18 states in 1952. 
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SYNOPSIS 


This paper is intended to serve as a supplement to the ACI Building Code 
(ACI 318-56)' which permits the use of the ultimate strength method for the 
design of reinforced concrete members. It presents the method in its simplest 
form with working equations and charts to aid in their application. It aims to 
give the designing engineer all the information that he needs for the use of the 
ultimate strength method in accordance with the recommendations of the re- 
port of the ACI-ASCE joint committee on ultimate strength design.” 

Regarding those problems not covered by the Code such as consideration of 
shear, bond, and deflections, recommendations are made based on the writers’ 
practice 


INTRODUCTION 


The term ultimate strength design means the design of reinforced concrete 
sections by the plastic theory to resist moments, thrusts, and shears which 
have been determined from elastic analysis of the structure under the assumed 
design loads multiplied by specified load factors. It is design for prede- 
termined factors of safety against the actual ultimate strength of any section. 

It should be noted that plastic theory is only a method of proportioning 
sections based on their actual strength as confirmed by tests. When com- 
bined with load factors, it provides a method of obtaining a uniform factor 
of safety. As a result, the designer is enabled to make a more rational struc- 
tural design, and to avoid wasting construction material. While it saves 
design time and allows the designer some additional latitude in choice of 
sections, it does not relieve the designer of any of his previous responsibilities 
nor does it eliminate the need for experience and good judgment. 

It is difficult to define the actual economies involved in design of struc- 
tures by the ultimate strength method. However, it is safe to assume that 
because the members will be of more uniform strength, savings will be effected 
by eliminating excess material from sections where it is not actually needed. 
Any analysis should consider the savings in formwork, possible reduction of 
over-all story height where beam depths are reduced or haunches eliminated, 
and savings in foundations where the total weight of materials is reduced. 

Among the structures where obvious major economies are possible are 
those in which important forces are developed by volumetric changes such as 
temperature, shrinkage, creep, ete. By reducing the size of members and 
thus reducing the rigidity of the structure, the stresses caused by the volu- 
metric changes are minimized. Thus, not only are economies possible by 
using the minimum required material for a given set of moments and thrusts, 
but the design moments and thrusts are themselves reduced. 


In the past, it had been assumed that a reliable factor of safety was ob- 


tained by designing for an allowable elastic stress which was generally taken 


as a yield stress divided by the so-called factor of safety. It is now realized 
that this is trué only in isolated cases. 

The design of beams under flexure only by the method based on working 
stresses and assumed straight-line variation of stress in the concrete can give 
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approximately correct results for lightly reinforced members, but it grossly 
underestimates the compressive flexural strength of the concrete. The use 


of the plastic theory therefore permits smaller, tougher beams, more heavily 


reinforced for tension with a reduction of compression reinforcement. 

The factor of safety provided by the straight-line method may be much 
less than assumed. For example, if a member subjected to dead load com- 
pression and live load flexure is designed for working loads on the basis of 
allowable stresses, the factor of safety against an increase in live load may be 
far below the value assumed in selecting the allowable stress, because the 
dead load compression is fixed. The effect of increasing the live load mo- 
ments without changing the dead load compression may be to increase the 
eccentricity disproportionately, thus resulting in unexpectedly high stresses. 
If the member were originally designed by the usual method, assuming pro- 
portional increase in thrust and moment due to overload, it might have little 
reserve for the tension stresses produced by the overload condition and failure 
could follow. 

In prestressed concrete beams it is obvious that the initial stresses and the 
stresses under working load have no fixed relationship to overload capacity. 
After tension develops on one face, the member behaves essentially as a normal 
reinforced concrete beam and the ultimate strength can be computed without 
reference to the initial stress. In continuous members designed for more 
than one loading condition, it is generally recognized that there is usually 
some reserve capacity which can be developed after yielding at any one critical 
section. 

The load factors recommended for ultimate strength design provide that 
the effect of the maximum internal forces acting on each section of a rein- 
forced concrete structure will bear a uniform ratio to the ultimate strength 
of that section. It follows that the factors of safety used for the design of the 
individual sections will be the minimum factors of safety against collapse of 
the total structure, and will be the actual factors of safety against collapse 
only where the structure is a simple beam or column or a rigid frame with a 
fixed position of loads and free of temperature and other stresses from volu- 
metric changes. 

For a rigid frame structure designed for pattern loading or moving loads, 
the collapse load will be higher than any of the given design loads multiplied 
by the load factors. This is so because generally only one or two sections of 
the structure are stressed fully by any one position of the load. Therefore, 
as the load is increased these sections will yield without loss of strength, 
and other sections not fully stressed will be brought to their full capacity. 
Only when a complete mechanism action is developed, will failure take place. 
Many tests have indicated that reinforced concrete structures have more 
than sufficient ductility to form plastie hinges and allow such redistribution 
under heavy overload. This characteristic has recently been verified by 
severe tests of structures subjected to blast pressures from atomic bombs.’ 


An additional factor of safety against failure due to overload is available 
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in those structures where volumetric effects are present in the final design 
moments and thrusts. Because volumetric flexural stresses are self relieving, 
that is they tend to reduce and disappear as a result of yielding, they do not 
affect the overload capacity and actually add to the factor of safety against 
failure. 

In addition to providing safety against failure from overload it is of prime 
importance that structures be designed to prevent objectionable cracking, 
fatigue failures, and excessive deflections under service conditions. Volu- 
metric stresses may be very important under service load conditions as they 
may induce severe cracking or even failure in shear. 

Load factors for ultimate strength design have been selected on the premise 
that the strength of the concrete in the structure will be not less than the 
assumed value of f.’.. To assure proper concrete strength, the concrete mix 
must be designed so that the average 28-day cylinder strength will be larger 
than f.’ by an amount, depending on the accuracy of control, sufficient to 
guarantee reliable strength in the structure.‘ 

For normal control and unformity of field operations the average strength 
should be between 10 and 25 percent above the design strength. The 1956 
ACI Code specifies for ultimate strength design that not more than one 28- 
day test in ten shall have an average strength less than the design strength, 
and the average of any three consecutive tests shall not be less than the 
design strength. 

If at any time it appears that these conditions may not be met, an immediate 
investigation should be made of the cause and corrective measures taken. 

The final phase of ultimate strength design involves the proportioning of 
sections to resist the computed moments, thrusts, and shears. For practical 
use in design offices the ultimate strength formulas of the report? of the ACI- 
ASCE joint committee on ultimate strength and the ACI Building Code (ACI 
318-56),' applicable to an assumed equivalent rectangular stress block, have 
been collected and presented in their simplest forms in this paper. 


DESIGN ASSUMPTIONS AND NOMENCLATURE 


The formulas in this paper are based on the following design assumptions 
applying to the equivalent rectangular stress block method, and are in con- 
formance with the general assumptions stated in the report of the joint com- 
mittee on ultimate strength: 


(a) Tensile strength in concrete is neglected in the design of sections subject to 
bending. 

(b) At ultimate load, stresses and strains are not proportional and the distribution 
of compression stresses in a section subject to bending is nonlinear. The compressive 
stress distribution used for design is assumed to be rectangular. 

(c) The uniform compressive stress in the equivalent rectangular stress block is equal 
to 0.85 f,.’. 

(d) The total force and the location of the centroid in the rectangular stress block 
are the same as for the actual nonlinear stress distribution. 
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The following nomenclature is uniform with that of the joint committee 
report on ultimate strength: 


gross cross-sectional area 

tensile steel area 

compressive steel area 

total steel area A, + A,’ 

depth of rectangular stress block 
width of rectangular beam or column 
or total width of T-beam flange 

width of stem of T-beam 

total compression in beam or in column 
carrying moment 

outside diameter of circular column 
distance from extreme compressive 
fiber to centroid of tension force in 
tensile reinforcement; also, in a column 
with a circular core, the diameter of the 
circle passing through the centers of 
reinforcing bars 


= distance from extreme compressive 


fiber to centroid of compressive rein- 


forcement 


= eccentricity of axial load measured 


from centroid of tensile steel 

eccentricity of axial load measured 
from the center of the section for sec- 
tions with symmetrical reinforcement; 
also, the eccentricity of the axial load 
from the plastic centroid of rectangular 


sections with unsymmetrical reinforce- 
ment 
28-day concrete cylinder strength 
vield point stress in steel, but not 
greater than 60,000 psi for design pur- 
poses 
f. O.85 f effective yield point 
stress In compressive reinforcement 
after making a deduction for the dis- 
placed concrete 
unsupported length of an axially or 
eccentrically loaded compression mem- 
ber 
ultimate bending moment 
f,/O.85 f. 
m— | 
ultimate direct load capacity for a con- 
centrically loaded short column 
ultimate direct load capacity for an 
eccentrically loaded short column 
ultimate direet load capacity for an 
eccentrically loaded long column 
1,/hd 

hd 
1, + A,’)/bt ‘ A,’ 
total tension 


total thickness of slab or column 


LOAD FACTORS 


The following terms are used in the load factor equations: 


1 


= ultimate strength of section 


the member can sustain prior to failure 


the maximum combination of thrust and moment 


effect of basic load consisting of dead load (plus volume change due to plastie and 


elastic actions, shrinkage and temperature for continuous frames, arches and 


similar structures) 
= effect of live load plus impact 
= effect of wind load 

effect. of earthquake forces 


load factor equal to 2.0 for columns and members subjected to combined bending 


and axial load, and equal to 1.8 for beams and girders subjected to bending where 


the axial load is negligible 


The effect of a load is considered to be the combination of thrust (or ten 


sion) and bending moment produced by the load. 


Members should be proportioned “so, that: (1) they will be capable of 


carrying without failure the critical load combination given below, thereby 


insuring an ample factor of safety against an increase in live load beyond that 


) 


assumed in design; (2) the strains under working loads will not be so large 
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as to cause excessive cracking. These criteria are satisfied if the sections are 
designed for the loading combinations given by the following formulas: 

For those structures for which, due to location or proportions, the effects 
of wind and earthquake loading can properly be neglected: 


» 12B + 2.4L 
K(B+L 


For those structures in which wind loading should be considered: 


2.4L + 0.6 (Ia) 
0.6L + 2.40 (Ib) 


WW 

(Ila) 
2 
w) (IIb 


For those structures in which earthquake loading should be considered, 
substitute / for W in the preceding equations. In case there is doubt as 
to the importance of wind or earthquake loading it can be tested by making 


a trial calculation using these equations. 


RECTANGULAR BEAMS OR SLABS WITH TENSILE REINFORCEMENT ONLY 


To determine the ultimate strength of a beam in flexure, the actual non- 
linear stress block is replaced for simplicity, with a rectangular stress block 
of equal total force with an average stress intensity equal to 0.85 f.’. The 
use of the rectangle is merely a mathematical device to approximate the 
effect of the true distribution.’ It would be possible to use any curved shape 
that would give the same area and center of gravity, but the rectangular 
area (Fig. 1) gives the simplest mathematical solution. The following for- 
mulas are all based on this method and give good agreement with tests. The 
assumption of a concrete stress equal to 0.85 f,’ corresponds to the actual 
concrete strength for axially loaded columns and permits a consistent treat- 
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ment through the full range from pure flexure (eccentricity, e ») to pure 
axial load (¢ 0). 

It should be noted that the depth a is not the same as the depth to the 
neutral axis, k, d. The value of k, d is determined by the strains at the top 
and bottom of the beam whereas a is determined by the strengths of the 
materials and the area of reinforcement. 

For practical purposes the action of the beam may now be described as 
follows: 

If the beam is under-reinforced so that the primary failure will oceur in 
the tensile steel, the concrete will crack as the steel stretches, and the equiva- 
lent depth, a, of the beam in compression will decrease until the average 
effective concrete stress reaches 0.85 f.’ and the lever arm of the resisting 


couple reaches a maximum If the applied moment is increased, the beam 


will then fail progressively by crushing of the concrete 


Therefore 


Pp nt 


lever arm of the steel reinforcement is then 


a 


d 


ultimate resisting moment of the as controlled by yield 


stee] ean he written 


under-reinforced beams the following relationships can be established 


2.35 M, 
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For special cases where the tensile reinforcement is distributed across the 


depth of the section the steel in the outer quarter of the depth near the tension 


face may be considered fully effective, the depth being measured from the 


extreme compression fiber to the extreme tension bar. Because of the reduc- 
tion in strain as the neutral axis is approached, the stress in those bars out- 
side this region may be assumed to vary linearly from zero at the neutral axis 


to f, at the quarter point near the tension face. The neutral axis may be 


taken at a distance of 1.2a from the compression face of the section. The 
depth, d, to be used for calculating a and M, is measured from the extrem« 
compressive fiber to the resultant of the forces in the tensile reinforcement. 


It has been established experimentally that the average maximum 


value of 
M,,/bd? for the case of balanced reinforcement is 


Vi, 
bd? : 


The values of a/d and p corresponding to the above are git 


and 


Further increase in the percentage of steel will result in primary com- 
pression failure in the concrete without yielding of the steel and without 
substantial increase in M,,/bd?. 


If the steel percentage is less than that given 
by Eq. (12), 


the moment capacity will be governed by yielding of the steel 
at a value of M,/bd* as given by Eq. (6). 


The area of steel required for 
balanced reinforcement 


is so large that it is usually neither practical nor 
economical to develop the full flexural capacity of the concrete section 

To ensure against sudden compression failures, the ACI Code requires 
that in flexural members the ratio of tension reinforcement shall not be greater 
than 


P 
Pp 0.4 


} 
uy 


This results in a maximum compression block to depth ratio of 


a/d 0.47 


and a maximum allowable design moment without compression steel of 


MV, 
bd 


0.506 | 


For the same reason it is required that the coefficient 0.40 in Eq. (15 





STRENGTH DESIGN 463 


25) 1000] percent for concrete strength in 


reduced by 6.25|(f.’ 5O00 
Corresponding reductions are therefore required for a/d 


These reductions also apply to all 


shall be 
excess of 5000 psi 
14) and VW, bd, from hg (15). 

equations where these terms are used. 
t universal design chart giving the ultimate bending moments 


ams for all values of Ss Ag and fy. 


RECTANGULAR BEAMS OR SLABS WITH COMPRESSION REINFORCEMENT 


e steel is supplied to develop the full compression strength, 


If enough tensile 
reinforced for compression 1s 


moment permitted on a beam 


the maximun 


2 85f, 


TASS, 
- ole} M 
U 


Cc-0 B5abf, 























Fig. 2 


obtained by adding the moment of the compression steel to that of the con 


S1On) Stress blow k (lig 2 


O.306 f 1 2’ ff.’ | 
a K+ vn’ (1-7) 


Phe re quire d ratio of tension reinforcement may be computed is 


crete compres 


ratio of tensile reinforcement shall be so limited that (p— p’ 
“1 the value given by Eq. (13). 

usually require more tensile steel than can be readily placed 
not normally be used However, it may 


as providing continuity, providing for 


“ 


compre ion steel will 
for other reasons, such 
or reducing creep and deflections 
the ultimate moment capacity governed by 
ubject to combined bending and direct 


moment It may also be nec 
to compute compression 
‘ oO! tre 
reiniorcement 1s placed in more than one layer o1 
the bars between the compression face and 
fully effective when the 


The stress in 


COTMPPressive 


long all the faces 
ron compression Tace may be considered 
tv 1s governed by the COMpression strength 


moment capaci 
een d/4 and d/2 from the compression face may be 


those hares located betw 
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assumed to vary from zero at the center to f, at the quarter point. The 
effective depth, d, is measured from the extreme compression fiber to the 
resultant of the tension forces in the tensile reinforcement. When the tension 
reinforcement also is placed in several layers or is distributed along all the faces, 
the resultant of the tension forces may be determined as described previously 
(p. 460 ff.). 

When the strength of a beam is limited by the tension steel, it may be de- 
signed as if the compression steel were not present. However, if the com- 
pression steel is nearer the compression face than the center of the concrete 
compression stress block, the tensile steel required can be reduced by taking 
advantage of the longer lever arm by using the following formula. 


M, , ' d' ) 
= 4 (18 
hd? : 


Although Eq. (18) makes no deduction for the area of concrete displaced 
by the compression steel, the error involved is not significant. 

This case can be solved also by subtracting the moment of the compressive 
steel from the total moment. The tension steel requirement will be that 
obtained from Eq. (16) or Chart | for this net moment plus an amount equal 
to the compressive reinforcement. 


T-BEAMS 


Since it will not usually be possible to place enough tensile steel in the 
stem of a T-beam to develop the full compressive strength of the flange, the 
effect of a flange is principally to increase the lever arm of the internal re- 
sisting couple and reduce the amount of tension steel below that required 


for the beam without a flange (Fig. 3). The report of the ultimate strength 
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Fig. 3 
committee? limits the effective width of flange on either side of the stem to 
a maximum of six times the slab thickness. 
If the depth of the concrete compression stress block is equal to or less 
than the slab thickness, that is a = pmd = t, the beam may be designed as a 
rectangular beam using Chart 1. 
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If the equivalent compression stress block extends into the stem below 
the bottom of the slab, the T-beam can be designed as a rectangular beam with 
compression reinforcement by considering the flanges as compression rein 
forcement, acting at the middepth of the slab with an equivalent compression 
steel area equal to 


b’)t 


CONCENTRICALLY LOADED SHORT COLUMNS 


Controlled laboratory tests on concentrically loaded short columns have 
indicated that the maximum load capacity is given by 


P, = 0.85 fe (Ay ot) + AatSy = 0.85 fe’ Ap + Auf (20) 


However, in actual structures all members subject to axial load shall be 
designed for a minimum accidental eccentricity which may occur due to end 
conditions, inaccuracy of manufacture, or variation in materials even if the 
load is theoretically concentric. For spirally reinforced columns, the mini- 
mum eccentricity measured from the centroidal axis shall be taken as 0.05 
times the total diameter of a round column section or 0.05 times the total 
thickness of a square section. For rectangular or square tied columns the 
minimum eccentricity along either of the main rectangular axes shall be 
taken separately as 0.10 times the least dimension of the section in the direc- 
tion of the eccentricity. 

Based on this requirement the maximum ultimate axial load capacity for 
symmetrically reinforced column sections is given below. These equations 
may be obtained from those given for combined bending and axial compressive 
load (p. 466 ff.). 


Rectangular tied columns 


Square column, round core, spiral reinforcement 


wy A AY 


0.15 D ' O6t 


d + O.67d) 


Circular column, round core, spiral reinforcement 


1,,f BE vg 


— O.15D 0.48 D 
ra 1.18 
d (O.8D + 0.67d 
The ultimate axial load capacity for the above three cases may be obtained 
also from Charts 2 and 3. 
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COMBINED BENDING AND COMPRESSIVE AXIAL LOAD 


The ultimate strength of members 
under combined bending and axial 
load may be determined from the 
formulas of this section. When the 
ultimate thrust-moment strength is 
controlled by yield of the tension re- 
inforcement (tension failure), the for- 
mulas are derived directly from the 
equations of equilibrium and the 
principles developed in sections on 
rectangular beams or slabs (seep. 


160 ff. and p. 463 ff.). 








When the strength is controlled by emma a 


IuoweNT FoR DESIGN 
crushing of the concrete and yield of AS GIVEN BY £0 16 
the compression reinforcement (com- — Fig. 4—Linear relationship between axial 
pression failure), the formulas are load and moment for compression failure 
based on a straight line relationship 

(Fig. 4) between the cases of pure axial load, (VM, = P, e = 0, P, = P.), 
and pure bending, (.V/, M., P,, = 0) 

as given by 


where M, is the total moment about the plastic centroid of the section. This 
relationship is in good agreement with test results. 


The plastic centroid is defined as the location of the resultant of the forces 
in the conerete and the reinforcing steel when they are stressed uniformly to 
0.85 f.’ and f, respectively. 


M, is the moment capacity without thrust as controlled by compression 


assuming enough tensile steel to develop it in full. For a rectangular section 
this moment is given as 


V 0.333 b d? f.' + A,’ f,' (d 


However, the maximum moment available for design purposes with low values 
of axial load is given by Eq. (16). For concrete strengths in excess of 5000 psi, 
the coefficient 0.333 is to be reduced in the same manner as the coefficient 
0.306 in eg. (15). 


M, may be defined in a similar manner for round sections and square sections 
with round cores. 
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Rectangular section (Fig. 5) 











Fig. 5 


tension— When the ultimate load is controlled by 


Strength controlled by 


tension in the steel 


P.. = () S5f./hd p m’ pm 


| j (pm pm + pm ( 


For symmetrical reinforcement this reduces to 


f ‘ ad 
l { | + 2p] m | 
d | ( d ) f [ ( d ) 


Chart 4 and Charts 5-8 give ultimate strengths based on kq 


P, = 0.85 f.'bd 
26 W ith 


no compression reinforcement this further reduces to 


epm 


P, = 0.85 f.' bd) 1 — pm — — 4 ( —} +2 
d | d d 


For symmetrically reinforced rectangular 


Stre ngth controlled hy COM PLESStOn 
sections the following design formula is obtained where the strength is limited 


by compression 


The solution of this formula is given also in Charts 4-7, except that no 
deduction is made for the concrete displaced by the compression reinforcement 
made by substituting p m’ 


Where compression controls, allowance may be 
for pym in using the charts 
Square section, round core (Fig. 6) 

For ultimate load producing tension failure 


se i d ‘ 
O5 + O64 prem O5 
/ f 


Strength controlled by tension 
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Fig. 6 














Strength controlled by compression—For a square section with spiral rein- 
forcement, the ultimate load producing a compression failure is 
hate 
12.0te' 
— 1.18 
(t + 0.67d) 
(29) and (30) is given on Charts 8-11. Where com- 


The solution of Eq. 
pression controls, pym’ may be substituted for pym to make a deduction for 


concrete displaced by compression reinforcement. 


Circular section, round core (Fig. 7) 


= 


Fig. 7 





Strength controlled by tension—For a round column with a round core, the 
ultimate load producing a tension failure is 


OSD dpm O.85e’ 
O48 + 0.38 
25D Db 


/ 
P O.85f,' PD? / 
| ( dD 


Strength controlled by compression 


The ultimate load producing a com- 


pression failure is given by 
atty FO Mg 
a t 
he’ U6 Le 
‘9 + 1.18 
d (O8D + 0.67d)* 


Charts 12-15 give the ultimate strength of round columns with round cores. 
Where compression controls Eq. (32), pam’ may be substituted for pym to make 


a deduction for concrete displaced by compression reinforcement. 
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Axial load with bending about both axes 
The case of combined axial load and bending about both axes can be solved 
by using a uniform stress of 0.85f.’ over the entire compression block (Fig. 8). 














Fig. 8—Rectangular section 
with axial load plus bending 
about both axes \ 

The solution must satisfy the following conditions: 

1. The resultant of the tensile forces in the steel, 7’; the resultant of the compression 
forces in the compression steel and concrete, C; and the applied load, /’,, must all lie in 
the same plane 

2. The forces in the vertical direction must be in equilibrium, P, ( i 

3. The moments in the plane of the resultant forces must be in equilibrium, 1’ ,¢ 

| | 
or T'c = Pw \¢ ‘ 
For non-rectangular sections and to check whether compression govern 
it is desirable to check the solution by using a maximum allowable strain 
e = 0.003, for the concrete in compression and assuming a linear strain dis 


tribution along a line perpendicular to the neutral axis 


The problem of unsymmetrical bending without axial load may be solved 


in a similar manner by making the planes of the existing moment and the 


applied moment coincident. 


COMBINED BENDING AND TENSILE AXIAL LOAD 


The ultimate strength of members under combined bending and axial 
tension may be determined from the equations given below. When the rv 
sultant falls within the depth of the section, the entire section will be under 
tension; these formulas do not hold, and tension reinforcement must be pro 


vided on both faces. 
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Rectangular section (Fig. 9) 


Strength controlled by tension-—-With 


no compression reinforcement the 
ultimate load may be expressed as 


P, =0 85 f.’bd/ pm 


With compression reinforcement and A,f, 


ultimate load 
may be expressed as 


PP, = O.B5f/bd? pm pm ; 


é d\ | 
. (pm m') ym’ | 
7 OP p I | r 


The depth of the compression block is given by 
f .*f P 
0.85 fb 
Ifa * 


used, 


2 d’ compressive reinforcement is not required and Eq. ( 


33) should be 


When A,f, — A,’f,’ = P 


_ the ultimate load is given by 


vs 


Strength controlled by compression —When 
controlled by compression 


l 
Py = | acne d') + 0.306/ oa 
P 


the ultimate load capacity is 
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SLENDER COMPRESSION MEMBERS 


When the unsupported length, J, of an axially or eecentrically loaded 
compression member is greater than 15 times its least lateral dimension, the 


maximum axial load can be determined by one of the following methods: 
;' PP, = P, (1.6 — 0.041/t) (38) 


where P, is the ultimate direct load capacity ol the column cross section as obtained 
from the formulas for concentrically loaded short columns and combined bending and 
ixial compressive load or Charts 2-14 

2. Astability determination for P,’ may be made with an equivalent reduced modulus 
of elasticity used for sustained loads, such as the method recommended in the report of 
ACI Committee 312, “Plain and Reinforced Concrete Arches, ACI Journnat, May 
1951, Proc. V. 47, p. 681 


Although Eq. (38) is substantially less restrictive than previous ACI re- 


quirements, it is approximately the same as that given by the current British 


specification for Ultimate Strength Design and more conservative than other 
foreign codes. The formula is largely empirical in nature and is derived 
from the same test data used in developing the previous requirements. Re- 
search is now under way to develop more rational methods for nominally 
straight column 

Because the present formula is empirical and is based on a limited number 
of tests on straight columns only, the designer is allowed to compute the 
capacity of slender members by suitable stability analyses. One acceptable 
method is that referred to in paragraph 2 above. By this method which was 
developed for slender arches, the deflections due to the primary end rotations 
and displacements and the applied loading are computed. The effect of the 
deflections in modifying the primary moments 1s computed by suecessive 
approximations, giving due consideration to elastic or plastic end restraints 
In order for the member to be stable, the successive approximations must be 
convergent Also, the final thrusts and moments consistent with the stable 
deflected shape found from this analysis must not exceed the ultimate thrust 
moment capacity at any section of the member. 

For columns, a similar method is given in “Numerical Procedure for Com 
puting Deflections, Moments and Buckling Loads,” by N. M. Newmark, 
Transactions, ASCK, V. 108, 1943. Often the final moments including the 
effect of axial load can be computed analytically with sufficient accuracy for 
design purposes by the general methods available for beam-columns. In 
such cases a reasonable initial eccentricity should be assumed to allow for 


construction inaccuracies 


SHEAR AND BOND 


Under the heading “Shear and Bond” the joint ultimate strength com- 
mittee report? states: “Because of the studies and experimental investiga- 
tions now under way for the joint ACI-ASCE committee on shear and diagonal 


tension and for the ACI committee on bond stress, no tentative recommenda 
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tions regarding the ultimate strength of reinforced concrete members in 


these two items are proposed at this time.”’ In the absence of code provisions 


the writers present the following recommendation based on their personal 


appraisal of the latest investigations 


Kor consistency with the flexural calculations, design for shear and bond 
should be based on the same load factors used for the computation of thrust 
and moment. The allowable stresses for shear and bond shall then be multi- 
plied by the same value of AK* used for the flexural design. 

Shear (diagonal tension) 

In using the ultimate strength method of design, the primary objective 
is to maintain the integrity of the member up to the breaking load. This 
means that the full flexural strength of the critical sections as controlled 
by the principal reinforcing should be developed before failure occurs in 
bond or shear. This permits the formation of plastic hinges and the read- 
justment of moments in continuous beams and frames before reaching ulti- 
mate load. It would obviously be unsatisfactory design if sufficient web 
reinforcement is not provided to permit full utilization of the longitudinal 
steel, 

Since the ultimate strength method involves the use of higher stresses in 
longitudinal reinforcing than permitted by the standard “straight line’”’ 
method, careful consideration must be given to details of design to obtain 
maximum benefit. One of the inherent advantages of the ultimate strength 
method is that it permits the use of tougher and more flexible members re- 
sulting in a reduction of volume change forces. However, observations in 
both field and laboratory have proven that volume changes in the concrete, 
due principally to shrinkage and temperature changes, can have serious and 
unpredicted effects on the diagonal tension strength by producing initial 
tensions and cracking in the unloaded members. It is important that careful 
consideration be given to the effect of longitudinal tension due to restraint 
of columns in continuous frames and that the longitudinal and shear reinforce- 
ment be made adequate to resist the resultant forces. 

If the longitudinal tension can be estimated, its component should be con- 
sidered together with the shear stress for the design of web reinforcement. 

lor the design of web reinforcement, the writers suggest that Chapter 8 
of the ACT Building Code (ACI 318-56), be used with the following modifica- 
tion. 


It is recommended that the following be added to Section SOL (d): 


“Web reinforcement shall be provided from the support to a point be- 
yond the extreme position of the point of inflection a distance equal to 
either 1/16 of the clear span or the depth of the member, whichever is 
greater even though the shearing unit stress does not exceed v,. Web re- 
inforcement shall be provided at every section in which negative rein- 
forcement is required. Where required by this paragraph, the amount of 


*See Load Factors, p. 459 
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web reinforcement at each section shall be the maximum required by any 
one of the following: 


1. Sufficient to carry 2/3 of the total shear where the unit stress exceeds p, 
9 


2. Sufficient to carry 2/3 of the total shear existing at the point of inflection, that is, 
the ratio of web reinforcement required at the point of inflection will be maintained back 
to the support 

3. Not less than 0.15 percent of the area computed as the product of the width of 
member at middepth and the horizontal spacing of the web reinforcement 

This addition is not intended to apply to small T-beams forming part 
of a joist floor construction. The use of bent-up bars for diagonal rein- 


forcement is desirable and should be used where practical 


Bond 

Deformed bars (ASTM A 305) are very efficient in developing bond and 
reducing the width of tension cracks as long as longitudinal splitting of the 
concrete along the bar is prevented. It is therefore important that lateral 
ties be provided to prevent such splitting especially where bond stresses are 
high. 

Since it is recognized that COMpressive steel may work at yield point stresses, 
it is also important that lateral ties be provided to prevent buckling of com 
pression steel. 

It is therefore recommended that lateral reinforcement be provided in 
the form of stirrups or ties, wherever reinforcing bars are present on both 
the tension and compression surlaces of a member, where there is compressive 
steel, or where substantial bond stress may exist These ties or stirrups 
should fully enclose the longitudinal reinforcing unless adequate restraint 
is provided by a concrete slab, as at the top ol a T-beam 

The writers further recommend that the provisions of the ACI Building 
Code (ACI 318-56), Chapter 9, be followed with the following addition to 
Section 902 (b): 

“Not less than one-half of the area of the positive reinforcement shall 
extend toward the support far enough to lap with not less than one-third 
of the total area of the negative reinforcement on the opposite face for a 
distance not less than the depth of the beam.” 

Even though the positive and negative steel are on the opposite sides of 
the member, this lap will help to resist longitudinal tension due to volume 
changes. The web reinforcement recommended above will tie the positive 
and negative steel together and resist stripping of the main reinforcement if 


transverse cracks develop. 


DEFLECTIONS 


Undesirable deflections which have occurred in some structures designed by 
the straight line method are not due to the method of de ign nor, in some 
cases, to stress conditions caused by dead or live load. The ultimate strength 
method of design will encourage the use of more slender members with steel 


working at higher stresses, thus increasing flexibility, and making careful 
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consideration of deflections more important than ever before. Because of the 


variety of conditions which affect the problem, such as end restraint, con- 
tinuity, type of construction, loading, and occupancy, it is not possible to 
draft simple rules for proportioning concrete members to prevent excessive 
deflections. 

Deflections due to load may be substantially increased by unsymmetrical 
shrinkage of the concrete. The strain in concrete due to shrinkage may 
exceed that due to a compression stress of 1000 psi. Since this strain may 
correspond to a stress of approximately 10,000 psi in the steel, an appreciable 
curvature may be caused in a beam which is unsymmetrically reinforced 
Differential shrinkage may also be caused shortly after the concrete is placed 
by the different rates of loss of the heat of hydration in thin and thick sections. 
Curvature may be magnified by the more rapid shrinkage in a thin slab as 
compared with the more massive beams. Shrinkage deflections usually 
stabilize after the first year or two of the life of a structure. 

Shrinkage deflections can be reduced by the use of: 

1. Types of structure which do not have excessively shallow members and thin see- 
tions 

2. Symmetrical reinforcement 

3. Continuous restrained members 

4. Concrete mix without excessive amounts of either water or very fine material in 
aggregate 

5, Proper curing of concrete 

feasonably close estimates of deflections due to loading under working 
conditions can be made by use of the elastic theory. A quick estimate on the 
high side can be made by using the gross moment of inertia of the concrete 
section, neglecting cracking and steel area, using a value of 2, of 1,000,000 
psi or 750,000 psi for permanent load to allow for plastie flow as compared 
to 4,000,000 psi or 3,000,000 psi for temporary live loads. The use of com 
pression reinforcement has been found to be very effective in reducing de 
flections under permanent load.’.* Where compression steel is present the 
deflection may be estimated by using the uncracked transformed section 
including the effect of the compression steel with £, = 30,000,000. 

The amount of deflection which can be safely allowed in any particular 
case requires consideration of the special conditions which control in that 
case. What might be perfectly satisfactory in the case of a long open span 
might be very objectionable under partitions or over windows. Usually 
members of minimum depth with the maximum amounts of reinforcement 
are not economical and should be used only where additional rigidity is not 
required. However, it should not be inferred that flexibility is necessarily 
objectionable if kept within proper limits. 
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Chart 1—Moment capacity of rectangular sections without compression reinforcement 
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Chart 2—Direct load capacity of rectangular sections with symmetrical reinforcement, 
for eccentricities less than or equal to t/10 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1956 























Astify | Agf'c 
3e' o. 12.0te’ +118 | 
4d (t+ 0.674)? cy 


Py = 









































Agf'c 
9.6De' +118 
(0.80+0674)° 


























06 
py m' 


Chart 3—Direct load capacity of square sections with spiral reinforcement and circular 
sections with spiral reinforcement for eccentricities less than or equai to t/10 
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Chart 4—Bending and axial load—d t 
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Chart 5—Bending and axial load 
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Chart 6—Bending and axial load—d /t 0.85, rectangular sections with symmetrical 
reinforcement 
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Chart 7—Bending and axial load 
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0.90, square sections with spiral reinforce- 
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Chart 8—Bending and axial load—d ft 
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Chart 9—Bending and axial load—d t 0.80, square sections with spiral reinforce- 
ment 


Eq. (29) P, = 0.85¢° f l (; 0.5) + 0.67 <pem (¢ - 05) 
) 


0) P ! of. : 
Eq. (30) P, 12.0t e 


(t + 0.67d)’ 1.18 





ULTIMATE STRENGTH DESIGN 





HEHE ARTE 
MINIMUM ECCENTRICITY AS 
REQUIRED BY ACI 318-56 


aa ae 


+ 
; 
+ 
b+ + 4+ Ff 


iy 





A 
Fe seees 
pies ssesssses 


Fi++t»+ 


Yue 


ry 
¥ 
ir 

++46. 


, 


“a 





, oa 
Seeeeteees 
















































































Chart 10—Bending and axial load—d ft 0.70, square sections with spiral rein- 
forcement 
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Chart 12—Bending and axial load—d D 
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Chart 14—Bending and axial load— 
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Chart 15—Bending and axial loads—d_ D 0.60, circular sections with spiral rein- 
forcement 
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Enlargements of these design charts (approximately 12 x 12 in.) are avail- 
able in sets only at $2.00 per set of 15 charts. Order from ACI head- 
quarters. 
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Lightweight Aggregates for Concrete Masonry Units* 
By C. C. CARLSON? 


SYNOPSIS 


The role of mineral lightweight aggregates in the production and utilization 
of concrete masonry units is discussed. Differences between lightweight and 
heavyweight aggregates having influence in block manufacturing procedure 
are cited and the means for accommodating them are given Various physical 
properties of lightweight aggregate concrete masonry wall construction are 
described and compared to those of heavyweight aggregate. Some mention 
is made of special uses of lightweight aggregate masonry units for precast and 
cast-in-place floor and roof construction 


INTRODUCTION 


This paper discusses mineral lightweight aggregates commercially utilized 
for the production of machine-molded masonry units and allied products 
from dry-mix or dry-tampf concrete. These aggregates conform to the 
requirements of ASTM C $31-53T. The more commonly used types in- 
clude: expanded and processed blast furnace slag, clay, shale, slate, pro- 
cessed pumice, scoria, tuff, and processed cinders from coal burning industrial 
furnaces. ‘The concretes employed generally range in compressive strength 
from about 1200 to 3000 psi, net area, although higher strength concretes 
are obtainable with the stronger lightweight aggregates. 


The demand for lightweight aggregate for concrete masonry units derives, 
in part, from a desire to reduce the weight of masonry units and of structures 
built thereof. The modular 8 x 8 x 16-in. hollow load-bearing air-dry con- 
erete block in the current, two- and three-cell designs, composed of ordinary 


aggregates, such as sand and gravel or crushed stone, weighs approximately 
5 | 


may weigh as little as 22 lb. Lightweight aggregates impart other properties 


b. Its counterpart of lightweight aggregate averages about 30 lb and 


to concrete masonry units and masonry construction that are perhaps of 
greater importance in accounting for their demand. Some of these are in- 
creased thermal resistance, sound absorption, fire resistance, and nailability. 
Some lightweight aggregate types contribute certain color shading and 


*Presented as a part of the work of ACI Committee 213, Properties of Lightweight Aggregates and Light- 
weight Aggregate Concrete, at the ACI 5lst annual convention, Milwaukee, Wis., Feb. 22, 1955. Title No. 54-26 
is a part of copyrighted JounNnaL or THe AmeRICAN Concrete INerirure, V. 28, No. 5, No 1956, Proceedinga 
V. 54. Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the.Institute 
not later than Mar. 1, 1957 Address 18263 W. McNichols Rd., Detroit 19, Mich 

tMember American Concrete Institute, Manager, Fire Research Section, Portland Cement Association, Chicago 
I 

tA term descriptive of block concrete consistency which has been carried over from an earlier period of the 
block industry when molding was accomplished in power tamping machines 


491 





492 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1956 


textural effects to concrete masonry construction that have been utilized 
for the interior treatment of auditoriums, school rooms, churches, office 
buildings, hospitals, and private dwellings. 


GENERAL CONSIDERATIONS 


Aside from certain economic factors, such as cost and sustained avail- 
ability, manufacturers of concrete masonry units using lightweight aggregates 
are concerned with various properties of these aggregates and the influence 
of the properties on the finished product. Probably the most important 
properties are unit weight, grading, and strength. They determine to a con- 
siderable extent the weight of the product and the cement requirements 
to meet given strength stipulations. The user should not overlook other 
properties affecting final results, such as color, absorption, freedom from 
deleterious substances, particle shape, and particle surface characteristics. 


Unit weight of lightweight aggregate 


ASTM © 331-53T limits the unit weight of delivered lightweight aggregate 
to the following maximum values: 


Dry loose weight, * 
Size classification maximum, 
lb per cu ft 


line aggregate 70 
(Coarse aggregate 55 
Combined fine and coarse aggregate 65 


*see ASTM C 29-42, Section 7, for details on determination of dry loose unit weight 


The dry loose unit weight of graded lightweight aggregates available for 
concrete masonry units varies considerably, ranging from 40 to 70 lb per cu ft. 
Highly clinkered coal cinder aggregates tend to the higher value. Within 
the size groups of a given lightweight aggregate it is important to good control 
of masonry unit quality that a reasonable sameness of unit weight be main- 
tained in successive shipments of that aggregate. The above ASTM standard 
limits the variation in unit weight to 10 percent from that of the sample 
submitted for acceptance tests. 


Strength of lightweight aggregate 

It appears that the best gage of aggregate strength is its performance, 
strength wise, In conerete. Strength comparisons in concrete should. of 
course, be made with all other factors equal, such as cement content, con- 
solidation, curing, and age and moisture content at testing. Some effort 
has been directed to the development of a rapid test? for predicting the 
strength property of lightweight aggregate in concrete. The test involves 
the measurement of the crushing resistance of graded aggregate when loaded 
in a hollow cylinder. Only general correlation has been found between the 
crushing strength of aggregate exhibited by this test and compressive strength 


f 


of the concrete made from the aggregate. 
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Another aspect of the strength of lightweight aggregate that has bearing 
on the properties of the finished concrete product is the resistance of aggre- 
gate to attrition and breakage during the mixing operation or other handling. 
A few types, a small minority, tend to friability and the coarse particles, par 
ticularly, may break down to produce a grading and concrete weight different 


from what may have been sought. 


Grading 


ASTM C 331-53T (Table 1 of standard) permits considerable latitude in 
the proportions of the different sizes for acceptable grading of lightweight 
aggregates for concrete masonry units. However, this should not be inter 
preted as opportunity for an easy-going approach to the problem of aggregate 
grading. father, the indicated latitude is necessary to accommodate the 
fairly wide differences in particle shape and texture that exist between the 
different types. Thus, what may be proper grading for one type may not 
apply for another type. 

The matter of grading is of particular importance and interest in the manu- 
facture of lightweight concrete masonry units because a number of physical 
qualities sought in the product are affected by it, such as the strength and 
weight of the masonry unit, the texture of the exposed surfaces, and the 
heat insulating and sound absorbing properties. Not to be overlooked are 
the production aspects of aggregate grading. Grading affects the moldability 
and cohesiveness of the concrete and the resistance of freshly molded units 
to cracking or breakage in handling. 


Producers of lightweight aggregates frequently ship their material in two 


size groups, coarse and fine. The dividing point is usually on the No. 4 


screen or in its vicinity. This practice is of assistance in the problem of 
segregation which is probably more aggravated in the case of lightweight 
aggregates than in the case of the heavyweight types because of the greater 
difference in bulk specific gravity between the coarse and fin IZC8, When 
aggregate is received in this manner, the consumer should, of course, be 
equipped with separate bins or divided bins to accommodate the two sizes 
With such equipment he is in a position to exercise a degree of control over 
the grading that obtains finally in the mixer, and to adjust grading as textural 
or other physical property requirements in the manufactured product direct 

Table 1 contains gradings of coarse and fine size groupings of expanded 
shale and slag aggregate that have been successfully used in the commercial 
production of concrete masonry units. 

How the coarse and fine size groups of an aggregate should be combined 
to provide the best grading for a particular operation is a question which 
may not be easily answered and considerable study and experimentation may 
be required before the desired grading is realized. Some data reported by 
Menzel!® on tests of hollow Haydite block made from concrete mixes contain- 
ing similar amounts of cement but with different aggregate gradings show that 
the compressive strength of the block (based on the gross area) decreased 
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TABLE 1 TYPICAL MECHANICAL ANALYSIS OF LIGHTWEIGHT AGGREGATES 
FOR CONCRETE MASONRY UNITS’ 


Aggregate Screen size, percentages (by weight) passing 


B1Ze | 


group 3 | No. 4 No. 8 No. 16 | No. 30 | No. 50 | No. 100; F.M. 


Expanded shale 
87 | 57 

} 3 
Expanded slag 
7 «(| «(O58 


5 
15 13 


rather rapidly as the fineness modulus increased beyond about 3.75. The 
optimum fineness modulus with respect to the strength of the block of this 
particular lightweight aggregate was about 3.25. At this point the weight 
of the hardened and air-dry unit was approximately maximum. Com- 
panion data on similar hollow-block containing different heavy aggregate 
types show that each of these heavy aggregates had its optimum fineness 
modulus where strength and weight of the block were maximum. When the 
fineness modulus was varied in either direction from these optima, strength 
and weight dropped off sharply. 


Aggregate grading for concrete block mixes is discussed in NCMA Bulletin 
No. 5‘ and suggested gradings based on bulk volume are given for three 
block textures—coarse, medium and fine. These gradings were obtained 
by plotting selected cumulative percentages of material retained on the 
different screens to produce reasonably smooth curves with desired amounts 
of material coarser than the No. 4, smaller than the No. 50, and with the 
desired fineness modulus. The volumetric percentage values are directly 
applicable for grading on the weight basis if the bulk specific gravities of the 
different sizes of aggregate are approximately the same. However, where 
differences in bulk specific gravity between the different sizes are encountered 
(in some lightweight aggregate types) a correction must be applied. A method 
for making this correction is illustrated. Examples are also given which show 
how desired gradings can be obtained from combinations of coarse and fine 
size groups of aggregate meeting the ASTM requirements. 


Deleterious substances 


Various deleterious substances can occur in lightweight aggregates and 
various tests are described in the ASTM specifications for their detection and 
limitation. Some of the better known contaminants peculiar to the different 
lightweight aggregates are: iron and iron compounds, hard-burned lime, clay 
lumps, and unburned or partially burned coal. Iron contamination is en- 
countered principally in coal cinders. Iron and some compounds thereof 
produce unsightly staining on exposed masonry surfaces and some compounds 
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of iron cause popping. A method for detecting staining materials in light- 
weight aggregates is described under Section 7(i) of ASTM C 331-53T. 
Seaton”! has discussed methods for treating cinder aggregates to minimize 
staining due to contained iron compounds. These methods appear appli- 
cable to other lightweight types where staining derives from iron and iron 
compounds. Hard-burned lime contamination obtains from the reduction of 
occluded limestone particles to calcium or magnesium oxide in heat treating 
or heat producing processes, such as the rotary kiln, sintering grate, or coal 
burning industrial furnace, and is more commonly manifested by pop-outs 
in masonry wall surfaces. Pop-outs arising from this contaminant may be 
delayed for a considerable time after the wall construction has been placed 
in service and may continue for an unpredictable period. The autoclave test 


[Section 8(b) of ASTM C 331-53T] provides a means for its detection. Siz- 


able lime occlusions can cause cracking and disruption of the concrete. Clay 
contamination is more often associated with natural lightweight aggregates, 
such as scoria and pumice, which derive from bedded deposits. Unburned 
or partially burned coal which tends to air-slake may cause pop-outs and if 
present in excessive quantity can lead to destructive expansion of the concrete 


PRODUCTION OF CONCRETE MASONRY UNITS 
OF LIGHTWEIGHT AGGREGATE 


Proportioning and mixing 

In general, the procedures for proportioning and mixing heavyweight and 
lightweight aggregate concretes in block manufacture are the same. There 
are some differences in details, however, which arise from the differences in 
aggregate unit weight, particle characteristics, and water absorption. Most 
concrete products plants are equipped with traveling batchers operated in 
conjunction with overhead supply bins or silos for proportioning concrete 
materials. ‘The batchers are usually designed so that they may be used 
for either weight or volume proportioning, as the producer may choose. 
Weight batching is probably in greater use than the volumetric method. 
Some users of lightweight aggregates for concrete block prefer to proportion 
aggregate on a volumetric basis because of the lesser effect of moisture vari- 
ations. Either method requires watchfulness of variations in moisture content 
as well as unit weight in delivered aggregate so that the established grading 
and yield and strength of block are maintained. 

The most widely used mixer is the fixed-drum revolving-blade batch mixer. 
This type ranges to 80 cu ft in capacity and is evidently well adapted for 
preparing dry-mix lightweight aggregate concrete. There is rather general 
agreement in the industry, based on plant experience rather than on any 
extensive test data, that lightweight aggregates need to be prewetted in the 
mixer before the cement is introduced. This practice is said to serve the dual 
purpose of satisfying the immediate absorptivity of the aggregate and of 
preventing cement from being drawn into large voids and interstices of rough- 
surfaced aggregate particles where it is presumed to be ineffective and to add 
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useless weight. Prewetting is accomplished by mixing the aggregate and 
4, to % of the total estimated water for 1 to 2 min before the cement is added. 
Tests conducted by the National Concrete Masonry Association,’ using 50 
cu ft capacity mixers of conventional design, indicate that the mixing time, 
including the prewetting period for lightweight aggregates, should not be 
less than 5 min. Good practice requires that a timing device be provided 
at the mixer so that full mixing time for each batch of concrete is assured. 


The use of air-entraining cement or air-entraining additives in preparing 


lightweight aggregate concretes for masonry unit production is increasing. 


intrained air is said to improve concrete moldability and cohesion of freshly 


molded units, particularly where aggregate particles are angular and rough- 
surfaced. It also improves concrete durability.* When air entrainment is 
directed to improving workability, experience has shown that lightweight 
aggregates vary in their requirements of air-entraining agent to produce 
desired results. Aggregates consisting of smooth-surfaced and rounded 
particles require less air-entraining agent than those of which the particles 
are rough and angular. 


excessive inter-particle voids will be present in concrete block, even if 
produced from an aggregate of optimum grading, if the mix is too dry.‘ 
Usually, excessively dry mixes are more difficult to compact, give higher 
block porosity, poorer green block stability (cohesion), and lower com- 
pressive strength. For a particular block mix the maximum concrete density 
(minimum voids) and strength are obtained by using as much mixing water 
as is possible short of slumping or loss of desired open face shell texture 
(smearing). Generally, the maximum water content will be determined by 
the tendency to produce smeared surfaces on freshly molded units. In recent 
years various devices have been developed to control water in the concrete 
mix at predetermined amounts. One type depends for its operation on the 
change in electrical resistance that occurs in the mixer charge as water is 


added. 


Molding 


Vibration (with pressure) molding machines have largely supplanted the 
tamper-type during the past 15 years. This change has been brought about 
by the greater efficiency and productive capacity of the vibration machine 
and other advantages.*.° Vibration machines evidently are adaptable to a 
wider range of lightweight aggregate types because of the minimum pressure 
exerted on the concrete during consolidation in contrast to the heavy impact 
action of the tamper machines. Some pressure (about 7 psi) with vibration 
consolidation appears essential in molding lightweight aggregate concrete 
for maximum strength development of block. Presumably, this need derives 
from the relatively low workability of dry-mix concrete and the short vibration 
period (about 12 sect) permitted in modern block production. 


*From unpublished data of Research and Development Division, Portland Cement Association 
tBased on a production rate of 750-8 x 8 x 16-in. hollow block per hour, three units per cycle. 
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Curing 
Curing practices are in keeping with the accelerated tempo of companion 


operations In concrete Masonry unit production. In the majority of plants, 


hardening is expedited by exposing the units to moist air in kilns at temper- 


atures ranging to 200 F. This curing procedure is commonly known as steam 
curing at atmospheric pressure. Much has been written concerning high- 
temperature moist-air curing (maximum kiln temperatures ranging from 140 
to 200 F) and considerable discussion still prevails as to what is the best 
formula. The majority of plants employ maximum curing temperatures 
ranging from 145 to 160 F for heavyweight aggregate block and 165 to 180 F 
for lightweight aggregate block. Curing durations for both heavy and light- 
weight aggregate concretes after maximum curing temperature is reached 
are about the same—12 to 15 hr. 

A small but growing proportion of plants employ autoclaving procedures 
for conditioning concrete masonry units The literature indicates that 
current autoclaving practice is about the same for lightweight units as for 
heavyweight units but varies with respect to maximum steam pressures and 
curing duration. It appears that the benefits of high-pressure steam curing 
may be fully realized if sufficient finely divided siliceous material is available 
in the mix and if the curing cycle includes the following 

(a) A waiting period after molding of at least 2 hr at normal temperature before 
steam is applied 

b) A heating period of at least 3 hr during which the saturated steam temperature 
(and pressure) is increased uniformly to the desired level 


(c) A period during which saturated steam temperature is maintained for at least 


8 hr at 350 F (120 psi gage) or for 7 hr at 365 F (150 psi gage 
(d) A reduction of autoclave pressure after curing to atmospheric pressure within 
30 min 
Menzel® recommends 5 hr as a suitable waiting period but points out 
that Haydite block are affected to a lesser degree than sand and gravel by a 
reduced waiting period. His data indicate that for the leaner mixes, such as 
are in current use, a waiting period of 2 hr can be tolerated by block of either 


type of aggregate without undue sacrifice of strength gain 


Drying 

Current ASTM and federal specifications covering delivered units require 
that the moisture content shall not exceed 40 percent ol the total water 
absorption, More recently promulgated guide speciiications ol the Corps 
of Engineers on concrete masonry for military construction, CEé-206.01, 
limit the maximum moisture content of masonry units to 30 percent of the 
total absorption at the time of delivery.* Concrete masonry units must there 
fore be dried subsequent to curing. Some producers that employ steam 
curing at atmospheric pressure dry their product either naturally in ventilated 
stock piles under roof protection or use artificial methods requiring heated 


air. Concrete masonry units of lightweight aggregate vary considerably with 
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the aggregate type in their response to natural as well as artificial drying. 
In general, lightweight aggregates having a rather open pore structure, such 
as expanded slag and cinders, produce block that respond quite readily to 
air drying. Units containing aggregate characterized by high absorption and 
finely divided pore structure, such as pumice, are more reluctant in their 
release of moisture and may require artificial drying periods of considerable 
duration. Air drying of such units is accomplished more practicably, perhaps, 
by the slower natural method. 


In autoclave curing the evaporation that occurs in the “blow-off” or pres- 


sure reduction phase and subsequent cooling from temperatures in the range 
of 350 to 365 F is usually sufficient to reduce the moisture content of masonry 
units of most lightweight aggregate types to required limits. However, the 
“blow-off” must be accomplished in a comparatively short time (not more than 
50 min) to achieve this result. Vacuum drying at 20 or more inches of 
mercury, subsequent to the “blow off” phase, has been used with good effect 
on lightweight aggregate types that are particularly resistive. 


PHYSICAL PROPERTIES OF LIGHTWEIGHT CONCRETE MASONRY UNITS 
AND MASONRY WALL CONSTRUCTION 
Strength 

suilding codes and specifications covering concrete masonry building units 

identify the various types as: 

Hollow load-bearing concrete block 

Solid load-bearing concrete block 

Hollow non-load bearing-concrete block 

Concrete building tile 

Concrete brick 
Minimum compressive strength requirements are given for each type and 
grade. ‘These masonry units are regularly made with both lightweight and 
heavyweight aggregates. Table 2 summarizes the minimum requirements of 
the federal* and ASTM specifications with respect to compressive strength 
and limitations on absorption and moisture content. Generally the codes 
and specifications do not differentiate between aggregate types in their re- 
quirements on strength. Presumably, this generalization springs from a 
practical need for code simplification. The given minimum compressive 
strengths of the different masonry unit types and the corresponding allow- 
able working compressive stresses in built-up masonry walls are such that 
differentiation between aggregate types is unnecessary (Table 3). 

The block producer has found through experience that the minimum re- 
quirements for compressive strength of masonry units cannot be used as the 
sole basis for concrete design. Other factors, such as resistance to breakage 
in handling, sharply defined and durable corners, resistance to cracking in 
masonry, durability of the masonry in service, fire resistance, nailability, 
sound absorption, and resistance to sound transmission are often more im- 


*Does not include the requirements of Corps of Engineers’ specifications, CE-206.01, which apply for military 
construction 
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TABLE 2—SUMMARY OF MINIMUM PHYSICAL REQUIREMENTS FOR VARIOUS 
TYPES OF CONCRETE MASONRY UNITS!” 


Solid load-bearin 
concrete masonry 
ASTM © 145, 195 


(jrade 


rade B 


*For use in exterior walls below grade 

tor general use above grade where 
other satisfactory waterproofing 

tUnits with 75 percent or more net are 


weather resistance 


portant. Thus, he designs for specific properties but more generally endeavor 


to strike a balance which satisfies the strength stipulations and the maximum 
number of the other considerations. 

kixcept for special applications—lintels, reinforced structural floor and 
roof elements, or heavily loaded piers and columns —the block manufacturer 
will usually employ one concrete mix which provides the best all around 


product performance with the particular aggregate he chooses to use \c 


TABLE 3—ALLOWABLE COMPRESSIVE LOADING, CONCRETE MASONRY WALLS 


Allowabl COTA Pressel ve tre 
pel, gross aren Of nasonl 


Kinds of masonr ind of conerete mason! unit 
1 mort 


Masonry of hollow load-b« ining concrete Mason units 


Solid masonry of concrete brick and of solid load-bearing 
concrete masonry units 
Cirade \ 
Ci ude B 


*ASTM Designation 
Ai mortar — 2500 ps I 
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TABLE 4—WEIGHTS OF CONCRETE MASONRY WALLS CONSTRUCTED 
HEAVYWEIGHT AND LIGHTWEIGHT AGGREGATE MASONRY UNITS! 


r [O00 a ft of wall 


erage weight of 
Actual unit sizes “ finished wall 
width x height x length f 

Light weig! 
aguregate 

Ibt 

2150 

sO50 

S700 

10 

$050 

STOO 

2050 

2050 

sO00) 

tn) 


Table based on %-in mortar joints 

*Actual weight within * 7 percent of average weight 
tActual weight within * 17 percent of average we 
With face-shell mortar bedding Mortar quantities ine 


the core space and extrusion beyond the bearing 


cording to a survey of the industry by a European observer,''! no producer 
follows a studied practice of making non-load-bearing masonry units with 
the available structural lightweight aggregates in compressive strengths less 
than 600 psi (gross area), although the specifications permit 350 psi. Units 
with strengths lower than 600 psi apparently have been found too difficult 
and costly (culling losses) to manufacture. 


Weight 

Table 4 provides an insight to the weight savings in concrete masonry wall 
construction possible through the use of lightweight aggregates. The wall 
weights given are based on averages of the weights of masonry units cur- 


rently produced. Heavyweight units will vary approximately 7 percent in 


weight from their average and lightweight units approximately 17 percent. 
In general, it appears that savings in dead weight of 30 to 40 percent may 
result through the use of masonry units of lightweight aggregate. The lighter 
masonry unit is also said to be conducive to lower construction costs deriving 
from greater ease of handling and higher output of mason labor. One esti- 
mate! of this effeet on building costs places the increase in mason productivity 
at 20 percent over similar heavyweight units. 
Thermal properties 

While it is not the purpose of the paper to treat with insulating concretes 
as such, the heat insulating value that is obtained from the use of lightweight 
aggregate concrete in load-bearing masonry units is considered in some types 
of building construction. The published values of thermal conductivity, k, 
for oven-dry concretes in the unit weight range usually found in concrete 
masonry units indicate that those of lightweight aggregate are from 50 to 
80 percent lower than those of sand and gravel. It should be borne in mind, 
however, that these advantages in k may not obtain in service because of the 
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TABLE 5—COMPARISON OF U COEFFICIENTS FOR VARIOUS WALLS* 


Interior finish 


by in. plaster on 


Ciypsum Metal 1, in. rigid | in. rigid 
Wall construction None board lath insulation insulation 
lath furred furred furred furred 


Hollow concrete Sil 
Gravel aggregate bY ; ; 2:3 0.17 
Cinder aggregate 3 27 , 0.15 
expanded slag, 
shale or clay 4 3 2 26 Q 15 


Frame 
2x 4in. studs 
Il-in sheathing 
wood siding 


*U values from ASHVE Guide 

the air on the two sides and allow for ¢ outside wink elocity of 15 mph 

effect of residual moisture at equilibrium with the service relative humidity. 
The reasons for determining conductivity, /, on the oven-dry basis are dis 
cussed in a later paper on insulating concretes.* Nevertheless, any marked 
differences in conductivity that might be indicated for concretes going into 
hollow block are not exhibited in the same proportion in the over-all heat 
transmission coefficient, U’, for the built-up wall. In the hollow unit masonry 
wall the heat resistances of the core spaces and surface films contribute sub 
stantially to the over-all heat resistance. Thus, wide differences in the i 
value of the concrete tend to be obscured. As insulation and air spaces are 
added to the wall section, the differences become smaller. This is true of 
any type of wall construction—brick, stone, or frame. ‘Table 5 gives the 
’ coefficients for 8-in. hollow concrete block walls and illustrates the effect 
of added insulation. Considering the plain 8-in. wall, it will be seen that 


lightweight aggregate units may effect a saving of about 35 percent over 


heavyweight units. On the other hand, where the wall is furred and plastered 


on I-in. rigid insulation the difference in insulating effect is about 12 percent 
The tabulated values also indicate that the S8-in. hollow block wall of ex 
panded slag, shale or clay aggregate concrete, plastered direct, is equal in 
heat resistance to the S8-in. wall of sand and gravel concrete plastered on 
furred metal lath. It appears, too, that when 8-in. hollow block walls of these 
lightweight aggregates are furred and plastered on metal lath, their heat 
resistance Is comparable to the familiar wood frame wall, lathed and plastered 

Dry, granular or loose fill placed in the cores of hollow block masonry 
walls or in the space between the inner and outer elements of masonry cavity 
walls has been used with good insulating effect. Rowley and others'! reported 
a reduction in the heat transmission coefficient, (’, for a plain &-in. hollow 
block masonry wall of expanded slag concrete from 0.35 to 0.22 Btu when 
the cores were filled with coarse expanded slag aggregate 


*Valore, R. ¢ Ir Insulating Concretes AC] Joumnar, Ne 1956, I’roe. V 
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Fire resistance 


Considerable information is available on the fire resistance of concrete 


masonry wall construction and its load carrying capacity after severe ex- 
posure to fire, through published reports of the National Bureau of Standards, 
Underwriters’ Laboratories, Inc., Portland Cement Association, and others. 
In general, this information shows substantial fire retarding properties for 


well constructed masonry walls composed of properly manufactured units 
of either heavyweight or lightweight aggregates. 

Analyses of numerous fire test data on walls of various thicknesses and 
various unit designs indicate that fire resistance is dependent principally on 
the thickness of solid material in the heat path rather than the over-all thick- 
ness of the section comprised of solid material and hollow spaces. The National 
Building Code (1949) recommended by the National Board of Fire Under- 
writers estimates fire resistance ratings of walls and partitions of hollow 
concrete masonry on the basis of the ‘‘equivalent”’ thickness of solid material 
in the masonry unit. The “equivalent” thickness may be calculated by 
subtracting the volume of the core space of the unit from the total volume 
of the unit and dividing the result by the area of the face of the unit. Where 
walls are plastered, stuccoed, or faced with brick the thickness of these 
materials is included in determining the equivalent thickness. The relation- 
ship in Table 6, taken from the National Building Code (1949),'° applies to 
plain hollow concrete masonry partitions and walls. 


TABLE 6—ESTIMATED FIRE RESISTANCE RATINGS OF WALLS AND 
PARTITIONS OF HOLLOW CONCRETE MASONRY * 


Minimum equivalent thickness in 
inches for ratings of 
Aggregate 

3 hr 2 hi 
expanded slag or pumice 0 3 
Expanded clay or shale f & ; 
Limestone, cinders or unexpanded slag § 4 
Caleareous gravel he 5.5 ®. 
Siliceous gravel j 


*From National Building Code (1949), 


The Standard for Concrete Masonry Units, Underwriters’ Laboratories, 
Inc.,'* contains a somewhat similar comparison, Table 7. Here, fire resistance 
is related to the thicknesses of the face shells and webs of the masonry unit. 
The values given are minimum requirements for masonry units and aggregate 
types that have demonstrated, through standard fire tests,* eligibility for 
fire retardant classification. 

t It will be noted that in both comparisons (Tables 6 and 7) the use of light- 
weight aggregate concrete operates to reduce the thickness requirement for 
the various fire ratings. Fire tests have shown that the fire resistance of 


*‘Standard for Fire Tests of Building Construction and Materials of Underwriters’ Laborat 
263 (ASA No. A2-1). 


ries, Iné Subject 
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TABLE 7—MINIMUM FACE SHELL AND WEB THICKNESSES OF HOLLOW 
CONCRETE MASONRY UNITS FOR VARIOUS FIRE RETARDANT CLASSIFICATIONS * 


Class [)-2 Class C-3 Class B-4 
retardants retardants retardantst 


Ty pe ol Face shell Web Face shell Web Face shell Web 
aggregate minimum minimum minimum, minimum minimum minimum, 
in in in in in in 


Natural, by-product 
and processed, 
except those 
listed below 


Burned cl iy or shal 
expanded slay 


Pumice 


*The mini largest core hole at the thinnest point Chis may be the average 
face shells in the s ‘ ‘ Phe end and internal webs in each core hole at the thinnest point 

tC lass 1)-2 ine les units classified as at least 2-hr, but leas than 3-hr retardants. Class ¢ 
Classified as at least r t less than 4-hr retardants. Class B-4 includes units classified as at k 
less than S-lr retar 


hollow concrete masonry unit walls may be improved by filling the cores 
with dry lightweight aggregate. Underwriters’ Laboratories, Inc., allows a 


ag 
4-hr rating for Class D-2 or C-3 retardants when the cores are filled with 


”) 
dry, loose expanded slag.* 


Menzel,'® in discussing the results of his tests, points out that for concrete 
of a given cement content and aggregate grading, the temperature rise upon 
exposure is the resultant of several factors which vary with the type of ag- 
gregate used: conductivity, heat capacity, moisture, decarbonization, and 
fusion. High conductivity and high heat capacity (and vice versa) in a 
concrete will produce opposing effects on the temperature rise. Moisture 
has a strong retarding influence on temperature rise. Decarbonization applies 
to the calcium and magnesium carbonates in the aggregate of the concrete 
and since the calcining process is endothermic, it has a retarding action on 
the transmission of heat. Fusion of aggregate absorbs heat. However, this 
influence can largely be discounted since it rarely occurs below 2200 F or 
before 6 hr of a standard fire exposure. 

In the case of lightweight aggregate concretes the advantage of lower con 
ductivity will be opposed by the disadvantages of lower heat capacity. It 
appears, however, that in most of the lightweight aggregate concretes the 
influence of lower conductivity on heat transfer predominates. It appears, 
too, that this influence might be reinforced by the greater capacity of light 
weight aggregates for the storage of moisture. Menzel found that porous 
cellular aggregate materials retain more water than dense materials even 
after long drying periods at the temperature and humidity of a heated 
building. 

Other characteristics of lightweight aggregate concrete which have sig- 


*UL Guide No. 40-U-18 
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nificance in consideration of the fire resistance of concrete masonry walls 
and partitions of the nonbearing type are the lower coefficients of thermal 
expansion and lower elastic moduli. Where walls are constructed tightly 
between rigid columns and floor beams of a building, such walls may become 
heavily restrained at four edges during fire exposure. This restraint in op- 
position to high thermal expansion could operate to produce crushing loads. 
Menzel concluded that nonbearing walls of concrete masonry units made 
with aggregates of relatively low thermal expansion characteristics, such as 
cinders, expanded slag, and expanded clay or shale, could be expected to 
serve as effective barriers to fire and to resist the restraining loads which 
may be reasonably expected under fire exposure conditions. 
Acoustic properties 

The sound absorbing characteristics of building materials are of interest 
in the acoustical correction of auditoriums and in the control of air-borne 
noise in Office rooms or manufacturing areas. Concrete masonry wall con- 
struction composed of units of porous surface texture is being effectively 
utilized for these purposes. Porosity has been shown as the chief property 
affecting the sound absorbing efficiency of materials.*.% Sound absorption 
takes place during sound wave reflection. The property of porosity functions 
in this instance by converting the energy of sound waves penetrating the 


surface of the material to heat energy through the frictional resistance that 


is set up by minute channels. Larger and continuous pores which permit 
sound energy to become “lost”? by passage through the section also contribute 
to sound absorption. Tests have indicated that it is possible to obtain a 
high degree of sound absorbing efficiency in masonry unit coneretes with 
heavy aggregates by special control of the grading, the concrete mix, and the 
compaction, but it is evidently impractical to direct the manufacture of 
masonry units of heavy aggregates specifically to high acoustical efficiency. 
Lightweight aggregates apparently provide natural assistance in the prob- 
lem. Published data on the sound absorption of masonry walls of commercial 
grade units indicate that those of lightweight aggregates have higher sound 
absorption efficiency than those of heavyweight aggregates. The average* 
coefficient for unpainted walls of commercial grade lightweight concrete 
masonry units ranges from about 0.45 to 0.60 with 0.50 a fair representation. 
Walls of heavyweight aggregate units that are porous by virtue of special 
aggregate grading, the amount of water in the mix, and concrete compaction 
may exhibit equal or higher sound absorption efficiency, but the major pro- 
portion of heavyweight aggregate units produced are such that the average* 
sound absorption coefficient will fall in the range from about 0.20 to 0.35. 
Paint coatings that tend to close the pores and interstices of the masonry 
surface will reduce the sound absorbing efficiency. If the coating is applied 
in a manner (spray or roller applicator painting) such that an appreciable 
number of surface openings remain, sound absorption efficiency will not be 
reduced by more than 15 percent. The sound absorption of coarse textured 


*The average of coefficients determined at 250, 500, 1000, 2000, and 4000 cycles per see sound frequency 
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masonry units is depreciated to a TABLE 8—COEFFICIENTS OF THERMAL 

lesser degree by paint treatment than EXPANSION OF CONCRETES FOR MA- 

SONRY UNITS CONTAINING VARIOUS 
AGGREGATES* 


fine textured units because the paint 
does not readily bridge the larger sur- 
face openings. If the material behind Aggregate Coefficient of 

the surface is essentially porous, rela- thermal expansion ° 
tively few surface openings are needed Cinders 2.1 x 10 
to realize a substantial proportion of Expanded shale 3.9 X 10° 
expanded slag } x 10" 


the original absorption efficiency. The Sand and gravel 5x 104 


“metal pan’? acoustical assembly, Crushed limeston ‘ x 1 
which is composed of a perforated 

metal facing with a backing of porous 

mineral wool, makes use of this prin- 

ciple. Tests of this system have established that it is possible to cover a sub 
stantial proportion of the surface of sound absorbent material with a perforated 


rigid membrane with no significant loss in efficiency.'° 


Sound insulating properties 
High acoustical value in concrete masonry Wall construction which = is 
attained by virtue of pores or interstices that are continuous through the 


concrete section may operate to provide lower resistance to sound transmission. 


The property of sound insulation is discussed in a later paper on insulating 


concrete. * 


Volume change 


Interest in the volume change properties of concrete masonry units stems 
principally from the problem of shrinkage cracking in masonry walls. Shrink 
age cracks may result from stresses induced either by restrained thermal 
shrinkage or restrained drying shrinkage or by a combination of both 
Cracking occurs when stresses produced by these effects exceed the strength 
of the stressed section. 

The relative importance of either factor, thermal or drying shrinkage, in 
contributing to the problem varies considerably with the service environment 
and the intrinsic properties of the concrete. In northern regions of the 
country where the extreme range of temperature in wall construction may 
exceed 100 F and where sudden temperature drops of as much as 50 F are 
possible, the thermal volume change properties of the concrete may dominate 
On the other hand, in applications where the environment is characterized 
by fairly uniform temperature and low relative humidity drying shrinkage 
may be more important. 

With respect: to thermal volume stability, lightweight aggregate concretes 
for masonry units, as a class, possess some advantage over their heavyweight 
aggregate counterparts (Table 8). This advantage is opposed by their gener 
ally higher drying shrinkage. Some lightweight types compare quite closely 


*Valore, R. ¢ J Insulating Coneretes ACT Jounnan, Ne 1956, Pre V. 53, pp. 509-53 
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with the heavyweight group in drying shrinkage while others have exceed- 
ingly high shrinkage. Copeland'’ estimates that a fair representation of 
heavyweight commercial block, steam cured at atmospheric pressure, will 
shrink approximately 330 millionths in. per in. from the saturated condition 
to moisture-volume equilibrium with 50 percent relative humidity. A similar 
sampling of lightweight aggregate types under similar conditions of initial 
moisture content and drying will shrink about 450 millionths. Some data 
developed at the Research Foundation of the University of Toledo'® suggest 
that the higher drying shrinkage of walls composed of lightweight units is 
compensated, in part, by greater extensibility. The modulus of elasticity of 
lightweight aggregate concrete for masonry units ranges from 14 to 24 that 
of heavyweight aggregate concrete. 


It is possible to alleviate to a considerable degree the shrinkage cracking 
in masonry walls due to drying by reducing the moisture content of the 
masonry units before they are laid. The ASTM and federal specifications 
for concrete masonry units limit the moisture content of delivered block to 
10 percent of the total absorption for this specific purpose (Table 2). As 
previously mentioned, some requirements*® have established the moisture 
limit at 30 percent of total absorption. In instances where the service en- 
vironment is characterized by low humidity, such as in buildings heated 
in winter without humidification, moisture levels as low as 20 percent of the 
total absorption may be required. Low moisture content levels in delivered 
block may present some problems for the contractor in preserving these levels 
under some construction-site moisture exposures. 


The use of bond beams, horizontal joint reinforcement, and control joints 
as added measures against the development of cracks in concrete masonry 
walls induced by volume change is gaining in scope. Obviously, such measures 
add to the cost of masonry wall construction. But in long runs of walling, 


particularly those having a plurality of openings, the value of these measures 


for controlling cracking has been demonstrated. In areas of the country 


where hurricanes, severe storms or earthquakes are not unusual, the use of 
bond beams and joint reinforcing and other reinforcing measures are required 
by building code. The proper construction of bond beams and control joints 
for concrete masonry walls is discussed in references 10 and 20. 


Special applications 

It is not within the province of this paper to discuss reinforced structural 
lightweight aggregate concrete, but it appears appropriate to point out that 
large numbers of lightweight units are being used for prefabricated structural 
floor, roof, and wall elements. Lower haulage and erection costs resulting 
from the reduced weight appear as the principal factors in these applications, 
although the heat insulating and acoustic properties and fire resistance are 
said to contribute. Special filler block and soffit tile of lightweight concrete 
are also used in the in situ construction of reinforced concrete floors and 
roofs. The units are shaped or may be arranged in the forms to provide the 
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ribbed slab type of floor or roof design. The resulting flat ceiling surface 


may be plastered, or when untreated or lightly painted has usable sound 


absorption value. Such floors and roofs are said to permit higher fire ratings 


compared to regular cast-in-place ribbed concrete slab construction. 


SUMMARY 


In summarizing this discussion the following statements seem justified: 


1. The importance and value of lightweight aggregates in the production and use 
of concrete Masonry units is well established. Of the estimated 1954 production of 
over 1%4 billion 8 x 8 x 16-in. masonry unit equivalents, about 50 percent were of 
lightweight aggregate concret 

2. Due to differences between the several types of lightweight aggregates with 
respect to particle surface texture and shape, proper grading of lightweight aggregate 
for a given application can only be generalized. Specific grading requirements are better 
determined through analysis and experimentation 


2 


3. Lightweight aggregates for use in the manufacture of concrete masonry units 
require somewhat more attention in the control of segregation and in the preparation ol 
concrete (prewetting) than heavyweight aggregate 

1. The literature indicates that lightweight aggregates enhance thermal resistance, 


sound absorption, and fire retardant properties of concrete masonry walls. 


5. In general, conerete masonry units composed of lightweight aggregates exhibit 
greater drying shrinkage than those of heavyweight aggregates. Some compensation 
for this property relative to drying shrinkage cracking of masonry walls obtains from 
the lower moduli of elasticity and greater extensibility of lightweight aggregate 


concretes 


6. The incidence of cracking in concrete masonry walls arising from drying shrinkage 
can be minimized by adequate predrying of masonry units. Current specifications 


limit the moisture content of delivered masonry units for this purpose 
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Title No. 53-27 


SYNOPSIS 


Mix proportioning, mixing methods, and physical properties are reviewed 
for insulating concretes of the t pes in Which structural properties are second 
ary to thermal insulation value Densities for four compressive strength 
ranges are given Thermal conductivit data from different sources are com 
pared as a function of density. Data are reviewed on other strength properties 

elasticity, water absorption, frost resistance, drying shrinkage, and thermal 
expansion 

Properties often considered in relation to insulating conecretes are fire 
resistance, sound insulation, and sound absorption Data are given on these 
properties for lightweight aggregate concretes generally and for concretes 
used primarily for thermal insulation The sections on mechanics of sound 
insulation and absorption are intended to dispel some misconceptions on these 


subjects in relation to other phy seul properties of concrete 


INTRODUCTION 


The term “insulation” is used variously, to denote retardation of the 
transfer of heat, fire, sound, or other physical phenomena. It is usually in 
the thermal sense that the term applies in “insulating” concretes, designed to 
function primarily as insulative, rather than structural, materials. lire 


resistance ol concrete depends in part on resistance to heat flow at elevated 


temperatures, but may also depend on the relative thermochemical and 


thermophysical stability of the material as well. 

Inclusion of sound insulation in the scope ol this papel implies ail) @aSSO 
ciation of that property with lightweight materials that is common, but 
erroneous. Comprehensive study of the literature reveals no material that 
can rightly be called “sound-insulating conerete,”” lightweight or otherwise 
Confusion of the distinctly different acoustic properties, sound absorption 
and sound insulation, may account for the misconception 

Lightweight concretes intended for use as thermal insulation may range 
in 28-day compressive strength from less than 100 to 500, or at most, 1000 
psi, and in density (oven-dry) from 15 to 90 lb per cu ft 

In addition to thermal conductivity, fire resistance and acoustic properties 
of lightweight concretes are described in moderate detail. Radiation shielding 

a, ¢o p 
i 
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is not within the scope of this study; this property of concrete was reviewed 
in a recent paper.’ 


Insulating concretes may be considered, according to composition, in three 


groups: 

Group |--Conerete weighing (oven-dry) 15 to 50 lb per cu ft, made with expanded 
perlite or vermiculite aggregate 

Group Il Coneretes weighing (oven-dry) 45 to 90 lb per cu ft, made with aggre- 
gates prepared by calcining, sintering, or otherwise expanding such products as blast- 
furnace slag, clay, diatomite, fly ash, shale or slate; or made with aggregates processed 
from such natural materials as pumice, scoria, or tuff. 

Group II1--Coneretes weighing (oven-dry) 15 to 90 lb per cu ft, prepared by impart- 
ing to neat cement paste or cement-sand mortar a uniformly cellular structure by in- 
corporating air, using mechanical means, or other gas cells, using chemical methods, 
in the mixture during or immediately following mixing.* 

Groups [ and IIL correspond to the classification of aggregates contained in 
ASTM C 332-541 on lightweight aggregates for insulating concrete.* Group 
I]] concretes are moist-cured “foam’’ and “gas” cellular concretes. 


COMPOSITION AND PREPARATION OF INSULATING CONCRETES 
Aggregates 

Washa‘* summarizes the processing and the ASTM grading and unit weight 
requirements of aggregates for insulating concretes. The characteristics of 
these aggregates have also been described by Price and Cordon,® Kluge, 
Sparks, and Tuma,® and the Housing and Home Finance Agency.’t 

The ASTM grading requirements have been modified to a considerable 
degree for some experimental insulating coneretes.* Relatively large per- 
centages of entrained air (20 to 35 percent) lowered drastically or eliminated 
entirely the requirement for fine aggregate in insulating concretes made with 
Group Il aggregates. Similarly, the minus No. 50-sieve fractions of perlite 
or vermiculite aggregate may be omitted in mixes designed to have densities 
(oven-dry) of 25 lb per cu ft or less. 

Cellular concretes either contain no aggregate (exclusive of air) or are 
made with dense aggregate passing the No. 4 sieve; finer sands also have been 
used. Certain pozzolans may also be used advantageously in moist-cured 
cellular concretes. extremely high air contents obviate grading limitations 
other than that of maximum particle size. The maximum size of aggregate 
particles for satisfactory preparation of “‘gas’” (chemically formed) cellular 
concretes is usually appreciably smaller than the No. 4 sieve opening (% in.) 
because of the tendency for coarser particles to settle in the thin-textured 
slurry before completion of the gas-forming process. 


4 


Some of the general requirements for aggregates® used in structural light- 
weight concretes may be waived in certain applications of insulating con- 
cretes, which are often neither exposed to weather nor required to support 
appreciable loads. 

*Cellular coneretes considered here are moist-cured as differentiated from high-pressure steam-cured cellular 


wiaterials The latter are described in a recent paper 
{The HHFA report is a comprehensive summary of references 5 and 6 
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Additional characteristics, the requirement for which is considered debatable 
among some aggregate producers and users, are “hardness” and ‘‘yield.” 
One measure of hardness is the ability of an aggregate to resist crushing due 
to compressive loading when laterally restrained. Brouk'® recommends 
75 psi minimum crushing strength for 1 in. compaction for Group I aggre- 
gates to prevent excessive breakdown of aggregate in transit or during mixing. 
Breakdown of aggregate can cause reduced strength in concrete of a given 
specific weight by increasing the effective density of the aggregate and by 
increasing the proportion of fine material, thereby increasing both the air 
and water requirements. Instances of serious breakdown of perlite aggre- 
gate while passing through a screw-conveyor have been reported."' Reduce 
tion of strength by as much as 50 percent has been attributed to breakdown 
of a Group | aggregate during prolonged mixing. 

“Yield” is the relationship of the volume of concrete to dry, loose volume 
of aggregate: if 1 cu ft of concrete contains 1 cu ft of aggregate, the vield is 
100 percent. Breakdown of aggregate lowers yield, but increasing the quantity 
of entrained air increases yield. Group | concretes are often designed for 
100 percent yield, but yields of 80 to 120 percent may also be recommended 
Yields as high as 230 percent have been obtained for perlite concrete weighing 
(oven-dry) 22 lb per cu ft and made with preformed foam;* cellular neat 
cement paste might be considered to be an example of infinite yield 


Combinations of Group I and Group II aggregates may be used in insulat- 


ing concretes. Perlite and expanded shales, or sand and Group I or Group 


Il aggregates have been used in the preparation of concrete in the laboratory 
A potential advantage of using aggregate blends is the preparation of concretes 
having specific weights in a range not easily or economically obtained using 
a single type of aggregate. Nail-holding ability has also been advanced as 
a possible advantage of aggregate-blend concretes. Certain compromises in 
strength, drying shrinkage, and cost may result from the use of aggregate 


blends. 


Preparation of concretes; mixing procedures; air entrainment 

Perlite and vermiculite concretes are mixed in either a horizontal-drum 
rotating-paddle type of mortar or plaster mixer, which is usually preferred 
or a tilt-drum, fixed-blade concrete mixer. 

Water, air-entraining agent, and cement, in order, are placed in the mixer 
with blades turning, and the dry aggregate is then added and the concrete 
mixed until it is homogeneous. * 

In the rotating-paddle mixer, increasing the speed of rotation (within 
limits) provides more efficient air entrainment and reduces the quantity of 
air-entraining agent required. The percentage of air entrained may also 
depend on the size of mixer and duration of mixing. The proper quantity 
of air-entraining agent may have to be determined by trial and error for the 
particular mixer used and the density desired 


*The air-entraining agent is added as an aqueous solution at the mixer when pu 
aggregate usually is treated to contain the “correct proportion” of air-entraining agent | 
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Another method of air entrainment is the replacement of conventional air- 
entraining agents with preformed “air foam,’’ as employed with some cellular 
concretes.?*'* This method has been tried in the field and laboratory in 
making perlite roof-fill concretes with encouraging results. Foam was added 
with water, or following water and cement; dry aggregate was added last, 
as usual. No other alteration of field practice was required. Indicated 


advantages of this method were a close control of density and stability of 


concrete volume prior to hardening. 

Group II aggregates may be used dry but control of mix properties is easier 
if the aggregates are moistened before mixing. Moistening periods as short 
as 15 to 30 min. minimize decrease in volume of concrete before hardening.* 
These aggregates generally require the use of a tilt-drum concrete mixer 
because of the presence of coarse particles. Control of air content may be 
difficult and may depend on the amount of water in the mixture (exclusive 
of water absorbed by the aggregate). It may be desirable to begin mixing 
with less water than is deemed necessary and to add the remaining water, 
as mixing proceeds, in amounts necessary only to provide the proper degree 
of air entrainment and workability, as estimated visually or by trial weighings. 
These precautions may be necessary even if the amount of surface moisture 
introduced with the aggregate is fairly constant from batch to batch. 

With Group II aggregates the quantity of air-entraining agent required 
depends upon the type and gradation of aggregate. The presence of fine 
aggregate imposes a ‘‘ceiling’’ on the quantity of entrained air, but control 
of air content in some ‘‘no-fines’’ mixtures has been difficult because of the 
ease with which extremely high proportions of air may be entrained.* The 
percentage of air entrained may also vary with size of mixer, size of batch, 
and duration of mixing. 

Allowance should be made for a decrease in air content during the time 
between the end of the mixing period and placement of the concrete in the 
forms. This loss may vary with the type of air-entraining agent used. 

The mixing of cellular concretes has been described in detail in a previous 
paper.’ Several types of mixing are employed: (a) high-speed mixing during 
which air entrainment is effected by the beating action of mixer paddles 
upon the ingredients in the presence of a foaming (air-entraining) agent; 
(b) moderate to high-speed mixing or blending, in which a stable air-foam 
is the mix ingredient that provides the cellular structure; and (c) moderate 
to high-speed mixing of mixtures containing such gas-forming chemicals as 
aluminum powder or hydrogen perixode and calcium hypochlorite. When a 
gas-forming chemical is used the mixture increases in volume while in the 
forms. For field applications the so-called “foam” concretes, either “mix- 
foamed” or “prefoamed’’ may be more convenient to use and their densities 
more easily controlled than is the case with “gas” concretes. 

Properties of freshly mixed insulating concretes 

Proportions of insulating concrete are generally given as the ratio of bags 

of cement to dry loose volume of aggregate (cu ft). Perlite and vermiculite 
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aggregates are usually delivered in 4-cu ft bags. Mixes having proportions 
ranging from 1:4 to 1:8 for perlite’® and 1:3 to 1:16 for vermiculite!® have 
been described. However, the number of mix designs generally used is rela- 
tively small. Brouk!® describes 1:4 and 1:6 perlite mixes, and recommends 
the 1:6 mix for roof-fill insulation applications. The 1:5, 1:6, and 1:8 mixes 
are now often used for vermiculite roof fill.'’ The higher proportions of ag- 
gregate are usually recommended for lower-density concrete. The use of 
preformed foam, however, permits the use of relatively low proportions of 
aggregate in concretes of low density; e.g., 1:2.5 for Group I concretes weighing 
(oven-dry) 20 to 30 |b per cu ft. Group I concretes having dry densities of 
20 to 30 Ib per cu ft and proportions of 1:5 or 1:6 have cement factors of 3 
to 5 bags per cu yd of concrete; for given proportions and density the cement 
factor will vary with the properties of the aggregate within each mineral 
type, as well as with the air content. 

Although not included in the usually specified proportions, because its 
precise measurement is difficult, the air content of Group | concretes may 
constitute an appreciable proportion of the volume of a mixture. Recent 


tests have indicated that air contents of 25 to 30 percent are required in some 


perlite mixtures to attain specified densities for roof fills.* 

The proportions of Group II concretes are also based on volumes of dry 
loose materials, even when the aggregate is batched in a moist condition. 
The relation of the dry to the ‘‘as-used”’ moist unit weight of aggregate should 
be known to maintain control of proportions.* The range in satisfactory 
proportions when using Group Il aggregates can vary considerably. Pro 
portions of 1:4 to 1:14 have been used for insulating concretes made with 
pumice, expanded slag, and expanded shale aggregates.*!'''*?!  “No-fines”’ 
mixtures with 20 to 35 percent of entrained air have had proportions of 1:4 
or 1:5. The cement factors of Group II insulating concretes have ranged 
from 2 to 6 bags per cu yd, depending upon the air content, aggregate grada 
tion, and proportions. 

The relationships between proportions, density, and cement factor of 
cellular concretes have been published recently.2 Proportions of cement to 
aggregate ranging from 1:0 (neat) to 1:4 (by weight) have been used. Neat 
cement cellular concrete contains almost 5 bags of cement per cu yd of con 
crete at a density (oven dry) of 20 lb per cu ft and about LO bags per cu yd 
at 40 lb per cu ft. 


Cement-sand cellular concretes having proportions of 1:2, 1:3, and 1:4 and 
dry densities of 55, 75, and 90 |b per cu ft, respectively, have an approximate 
cement factor of 5 bags per cu yd. 

The water requirements for insulating concretes will depend upon the type 
and grading of aggregate and upon the degree of air entrainment 

Among concretes made with Group I aggregates the water requirement 
includes that absorbed by the dry aggregate; it is difficult, if not impossible, 


*Proportions by dry, loose volumes will be different for a given mix, depending upon whether the fin 1d coarne 
aggregates are considered separately or combinec 
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to arrive at an accurate value for net water-cement ratio. For perlite roof- 
fill concrete (1:6 mix) Brouk'® has given water requirements ranging from 
47 to 95 gal. per cu yd of concrete, the highest quantities being required for 
the softest aggregates and those containing the highest proportions of fine 
particles. Perlite mixes described by Kluge, Sparks, and Tuma® required 
73 gal. of water per cu yd of concrete (proportions 1:2.9 to 1:5.5) and 92 
gal. per cu yd (1:10.3). The range of water requirements given by Price 
and Cordon® was from 40 to over 100 gal. per cu yd for concretes of various 
proportions made with a number of different perlites. 


The Perlite Institute’® recommends 54 to 61 gal. of water per cu yd of 
concrete for proportions ranging from 1:4 to 1:8. 


Water requirements per cubic yard of vermiculite concrete mixes prepared 
for the Vermiculite Institute'® did not vary greatly with proportions. For 
proportions 1:3 to 1:16 the range of water requirements was about 75 to 
105 gal. per cu yd of concrete; each of these mixes ranged from 1% in. to 
about 9 in. in slump. Requirements of water per unit of volume for 1:4 to 
1:10 vermiculite concrete mixes were generally lower for material of 6-in. 
slump than for higher or lower slumps. This fact was probably related to 
the efficiency of air entrainment as a function of consistency of the concrete. 
The water required per bag of cement increased as the proportion of vermicu- 
lite increased. For given proportions, however, the additional water required 
in a batch to bring about an increase in slump from 3 to 6 in. resulted in a 
lowered water content per cubic yard of concrete apparently because of 
more efficient entrainment of air and increased yield. The yield increased 
as the slump increased for this whole series of mixtures. The recommended 
water requirement for ‘“Zonolite’’ vermiculite concrete (for 100 percent 
yield) is 95 to 100 gal. per cu yd (+ 20 percent)."’ 


Water contents of 100 to 110 gal. per cu yd were reported by Kluge, Sparks, 
and Tuma,® and 60 to 75 gal. per cu yd by Price and Cordon® for vermiculite 
concretes. The disparity was probably due to the use of smaller amounts of 
air-entraining agent and less entrained air in the mixes of Kluge, Sparks, and 
Tuma, with the necessity for using greater amounts of water to attain satis- 
factory workability. 

The water requirements of Group II coneretes depend, as for Group I, 
upon the proportions of entrained air, and, additionally, upon the moisture 
condition of the aggregate prior to mixing. Water contents (not including 
water absorbed by aggregates) of no-fines concretes made with pumice, ex- 


panded slag, and expanded shale, and containing 5 bags of cement per cu yd 
and 20 to 35 percent of entrained air, have been 30 to 35 gal. per cu yd.* 
Total water (including that absorbed by aggregates) ranged from about 40 
gal. per cu yd for expanded shale aggregates to about 60 gal. per cu yd for 
pumice aggregates. Water contents (not including that absorbed by aggre- 
gates) as low as 27 gal. per cu yd have been reported for other mixtures con- 
taining both fine and coarse Group II aggregates.'*?! 
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The water requirements for cellular concretes depend upon the particle 


size of the aggregate used, the proportions, and density of the concrete. 

Water requirements for cellular neat cement range from 40 to 60 gal. per 
cu yd for dry densities of 20 to 45 |b per cu ft, respectively.'* For 1:2 and 
1:4 cellular cement-sand mixtures, total water requirements were 25 to 45 
gal. per cu yd, the amount required varying with density of concrete in the 
range 50 to 100 lb per cu ft. 

The importance of the water requirement must be judged according to 
each application of insulating concrete. If a limited period is available for 
drying the concrete before applying such waterproofing as built-up asphalt- 
felt roofing, large quantities of evaporable water remaining in the concrete 
may seriously lower the insulating efficiency and possibly cause later damage 
to the waterproofing membrane. 

The workability of insulating concretes containing relatively large amounts 
of entrained air is generally excellent, even for no-fines mixtures made with 
Group II aggregates. Slumps of 5 to 7 in. may be quite satisfactory; the 
mixtures are usually highly plastic and homogeneous and of a somewhat 
“spattering’” type of consistency. Appearance of the mixture may be a 
more reliable indication of consistency than a slump test. Bleeding and 
segregation problems will not ordinarily be present because of high air con 
tents. These mixtures will usually be readily and easily placed simply by 
“pouring” and screeding, without further consolidation. 

Cellular concretes are handled virtually as liquids and are simply poured 
into place without further consolidation. The application of these concretes 
may be limited to fairly flat and reasonably watertight supporting elements 

The moist curing of insulating concretes rarely exceeds 7 days, and fre- 
quently no moist curing is provided. In roof fill and other applications where 
it is desirable for the concrete to be as dry as is conveniently possible before 
the application of waterproofing materials, uncertainties of weather require 
that elaborate curing be omitted. 

Precast insulating concretes may be subjected to high-temperature curing. 
The use of autoclave curing for cellular concretes has become widespread in 
Kurope.? 


PHYSICAL PROPERTIES OF INSULATING CONCRETES 

Density 

A practice employed in Europe and in this country is to define the dry 
density of cellular and some other lightweight concretes as that obtained 
by drying in an oven at about 220 F until the loss in weight during a 24-h1 
period is less than | percent. Oven-drying at 212 to 248 F, beginning when 
the concrete is 28 days old is specified in ASTM C 332-5471, for specimens 
used for density and thermal conductivity determinations 

Table 1 contains average values for the density of freshly-mixed and oven 
dry concretes made with Group i and Group II aggregates, and for moist 
cured cellular concretes. 
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TABLE 1—AVERAGE PROPORTIONS AND DENSITY OF INSULATING CONCRETES 


Density, lb per cu ft 
Aguregate Proportions Cement factors 
bags per cu yd Fresh Oven-dry 

Perlite* 6.7 WO 
Perlite* 5 5.4 45 
Perlite* ) 5 10 
Perlite* 36 
Vermiculite* 60 
Vermiculite* : 


Vermiculite* 


None (cellular, neat) 
None (cellular, neat) 


Pumice 
P { , j f a 
umice (nerates no-hines) 


Expanded slag 
expanded slag (aerated no-fines 


expanded shale 
Expanded shale (aerated, no-fines 


*For mixes of 100 percent yield; these aggregates are often used in mixes having yields as much as 15 percent 
higher or lower than 100 percent, in which case the cement factor and density would vary inversely with the yield 


Although the oven-dry condition may not readily be attained in a struc- 
ture, it is a reproducible index of merit for control purposes. Table | indicates 
that controlling the oven-dry density of the freshly-mixed concrete must be 
based on a knowledge of the probable loss in weight on drying of the mixture 
used. The greatest loss in weight is shown by the Group I conecretes. A 
recent paper by Copeland and Bragg** on the nonevaporable water content 
of concrete as a function of age offers means for estimating the oven-dry 
weight if the cement and total water contents are known. 


Strength 

Although strength is often of secondary importance in insulating con- 
cretes, it is usually given prominent treatment in literature on these ma- 
terials. The effects of type of cement, type of curing, specimen size, and 
moisture condition, considered in earlier studies of Valore,? Tucker,?* and 
Bessey and Dilnot,** are considered applicable to the present materials. 

It is current practice to test some insulating concretes after they have 
been oven-dried.*® This practice differs from that for other concretes. There 
appears to be no valid reason why insulating concretes should not be tested 
at 28 days (7 days if high-early-strength cement is used) after curing in air 
at ordinary temperature. The specimens may be rectangular or cylindrical 
prisms with slenderness ratios between 1.5 and 2.2% Specimens may be easily 
prepared for testing by grinding bearing surfaces plane and smooth. A 


yielding material such as leather belting or fiberboard may be interposed 


between bearing surfaces and testing machine. In this way possible adverse 
effects of heat or moisture, due to the use of other capping materials, may be 
avoided, 

Strength requirements for insulating concretes depend on the installation. 
Insulation for underground steam lines needs little strength; minimum 
strengths of 80 psi are recommended in some cases but even lower values may 
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be satisfactory. Roof fill over structural slabs requires sufficient early strength 
to assure that traffic of workmen applying waterproofing materials will not 
crush the concrete. Compressive strengths specified for roof fills may range 
from 100 to 500 psi, but in many applications 100 to 200 psi will be adequate 


The U. S. Army Corps of Efgineers requirement for insulating concrete to 


be used in building construction is 125 psi compressive strength and 60 |b 
per cu ft maximum density when dried at 200 F to constant weight 

There is no simple relationship among proportions, cement factor, density, 
and strength for insulating concretes. For Group | concretes the lowest 
ratios of cement to aggregate are usually recommended for concretes. of 
lowest densities and strengths. However, because the relation of cost of 
Group | aggregates to cost of cement is different from that for Group IT and 
denser aggregates, consideration may be given to the use of higher cement 
factors and lower aggregate contents for low density Group I concretes 
Perlite and vermiculite mixes proportioned 1:2.5 have been prepared and 
have weighed 20 to 30 lb per cu ft, oven dry; preformed foam was used for 
wr entrainment.* This type of mixture is a compromise in cost between the 
currently recommended 1:6 perlite mix for this density range and less costly 
cellular neat cement concretes. 

For Group II concretes also, a given strength and density may be obtained 
with a wide range of cement factors and proportions, but the cost will usually 
vary directly with cement content. 

Average oven-dry densities of insulating concretes in four ranges of 28-day 
compressive strength are presented in Table 2; if high-early-strength cement 
is used the strength ranges shown are for 7 days. 

Group II aggregates may vary appreciably in specific gravity and unit 
weight, depending upon aggregate source, process of manufacture, and gra 
dation of aggregate. It may be desirable to select Group II aggregates for 
insulating concretes from among those having unit weights lower than average 
for their respective mineral classifications. 

A strength property thought by some to be more nearly indicative of the 
ability of insulating concretes to withstand foot traffic is the “indentation 
strength” as described recently by Brouk.'® The indentation strength is the 
load required to cause “failure” (evidence of crushing) when applied through 
a flat, circular disc surface of one square inch. The U. 8S. Army Corps of 


TABLE 2—APPROXIMATE OVEN-DRY DENSITIES FOR INSULATING CONCRETES 
IN FOUR RANGES OF COMPRESSIVE STRENGTH * 


Aggregate and proportions » to 125 pai 5 to 2 , 150 to 5OO pes 


Perlite 1:4 to 1:10 20 to 25 22 to 3 27 to 40 
Vermiculitet 1:4 to 1:10 22 to 28 24 to 42 20 to 45 
Sand (cellular) 1:4 50 to 60 5 to 7 0 to BO 
None (cellular)t 1:0 20 to 25 ) 
Pumice 1:5 to 45 

Expanded slag 1:5 to { 55 to 65 

Expanded shale 1:5 to 14 15 to 60 


*For 6 x 12-in. cylinders tested in air-dry condition 
e given and for high-early-strength cement (Type III 
tNot usually designed for strength exceeding 750 pai 
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Kngineers requirement for indentation strength of insulating concrete used 
for building construction is 140 psi when the concrete is “cured for 28 days 
and dried to constant weight.’”*® Data for perlite'® and vermiculite'® con- 
cretes indicate that the indentation strength is usually at least 50 percent 
higher than the corresponding compressive strength. 

Flexural strength and bond strength data for insulating concretes appear 
meager, 

The available data on modulus of rupture appear to be quite erratic, 
especially for concretes made with Group I aggregates, and pumice, and for 
moist-cured cellular neat cement. Large variation in flexural strength may 
be due to transverse shrinkage cracks in specimens of these concretes after 
only a few days of drying at ordinary temperature. Test specimens of rela- 
tively small thickness may be dried without the formation of shrinkage 
cracks. 

Khor uncracked insulating concretes, the ratio of flexural to compressive 
strength may be higher than for structural concretes and highest for the 
materials of lowest compressive strength. Approximate ratios of flexural 
strength to compressive strength for some insulating concretes (75 to 500 


psi compressive strength) are as follows:?.°.6.%.10,15,16 


tatio of flexural to 
Aggregate compressive strength 


Perlite 0.20 to 0.45 
Vermiculits 0.25 to 0.50 
expanded slag 0.30 
expanded shale 0.50 
Sand (cellular 0.20 to 0.35 


Ratios lower than 0.1 reported in the literature for some concretes made 
with Group | aggregates, and pumice, and for cellular neat cement are be- 
lieved to have been obtained upol cracked specimens. 


\pproximate ratios of bond strength, as determined for pull-out specimens 


with embedded reinforcing bars, to compressive strength (for compressive 


strengths under 500 psi), are reported as follows: 


tatio of bond 
Aggregate strength to 
COTA pressive 
strength 


Perlite 15 to 0.23 
Vermiculite 35 to 0.64 
Pumice 
expanded slag 
expanded shale 
Sand (cellular 25 to 0.38 
None (cellular neat cement 0.25 


0 


aerated 


mafia 25 to 0.50 
it? ics 


These values, from several different sources,?.*.'°"° are not necessarily 


comparable because of differences in types of specimens and reinforcing bars. 
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Elasticity 


“Initial tangent,” “secant,” and dynamic moduli of elasticity values have 


been reported for insulating concretes.?.°.*.4.'5.'© Ranges in compressive secant 


moduli were as follows for Group I and Group III concretes:* 


Aggregate, proportions ( ompressive stre ngth Secant modulus, 
psi LOM) psi 


Perlite, 1:8 to 1:4 SO to 450 70 to 250 
Vermiculite, 1:8 to 1:3 70 to 370 1) to 140 
Sand (cellular), 1:3 150 to 550 150 to 700 


None (cellular), 1:0 . 70 


*The slope of the secant drawn through the 
j 


stress is one definition of the secant modulus 

The above-listed values are approximate. Data were obtained for speci 
mens 28 to 60 days old. 

Secant moduli for concretes made with pumice, expanded hale, and ex 
panded slag aggregate, and having 28-day compressive strength of about 
5OO psi, have ranged from 700,000 to 900.000 ps For alir-entrained (25 to 
35 percent) no-fines concretes made with the same aggregates, secant moduli 
values were approximately 1000 times the compressive strength values in 


the 28-day compressive strength range of 160 to 530 ps: 


Water absorption of insulating concretes 
The 24-hr room-temperature water absorptions, by volume, of oven-dry 
Group I coneretes have been reported as follows:5.6'°'* perlite-aggregate 
concrete, 18 to 48 percent, and vermiculite-s ‘egate concrete, 27 to Ol percent 
Values reported by Kluge, Sparks, 
and ‘Tuma® increased with the pro- 
portion of perlite or vermiculite in the 
concrete. Values may be lower than 
30 percent for highly air-entrained Pumice 


: expanded slay 
1:6 perlite concrete and somewhat expanded slag 
higher for similarly proportioned vet Ex, ae a rn 
kpanded shat 
miculite concrete. Expanded shale 
no-fines, aerated 
Sand (cellular 


(;roup Il and cellular concretes are None (cellular 


Average absorption values for 


418 neat cement 


reported in the adjoining table 


Rate of drying 

A search of the literature failed to reveal any comprehensive study of the 
moisture content and rate of drying of insulating concrete ubjected to 
strictly controlled ranges of temperature and humidity The drying rates 
of small perlite- and vermiculite-aggregate concrete slabs 3 in. thick have 
been separately reported.'®.'® These tests were made in “laboratory air’ of 
unstated humidity. Lund** has reported on water vapor diffusion and moisture 


migration through insulating perlite concrete used in built-up roof decks. 
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These studies are admirable recognition of a most serious problem with 
insulating concretes and, with some refinements and closer control of test 


conditions, might well contribute to formulating job practices to eliminate 


moisture in dangerous amounts in applications requiring early waterproofing 
of insulating concretes. 


Resistance to freezing and thawing 

Although the usual application of insulating concrete does not require 
that the material withstand frost action, several freezing and thawing studies 
of Group I and Group II concretes have been reported.®.*.*.'% These studies 
differed in types of specimens, freezing and thawing cycles, and criteria for 
resistance. It may be concluded, however, that the relatively high air con- 
tents of certain of these concretes were apparently effective in resisting frost 
action. Some of the vermiculite and perlite mixtures were among those 
showing the greatest resistance to freezing and thawing among a number of 
lightweight aggregate concretes.° Other perlite and vermiculite mixes, 
especially those containing the highest proportions of aggregate, were rela- 
tively poor in resistance to freezing and thawing. No-fines concretes made 
with Group II aggregates and containing less than 30 percent of entrained 
air usually withstood 100 cycles of a severe rapid freezing and thawing test.* 


Drying shrinkage 
Group |, pumice-aggregate, and moist-cured cellular concretes exhibit 
relatively high drying shrinkages.?.°.*.* 
For Group I concretes and cellular 
Percent 
shrinkage, 


ies showed that shrinkage increased Aggregate yg 
drying 


concretes containing sand, some stud- 


with the ratio of cement to aggregate. 


Shrinkage movements for some Perlite 0.10 to 0. 
Vermiculite 0.17 to 0 

perlite concretes have at times been Pumice 0.10 to 0.22 
reversed at later ages. This phenom-  !xpanded slag 0.06 to 0 
d \ expanded shale 0.06 to 0 
enon has yet to be satisfactorily ex- Sand (cellular) 0.10 to O 


plained None (cellular neat cement ) 0.48 to 0 


Thermal expansion 


Coefficients of thermal expansion of insulating concretes are reported in 


16 18 2 


the table below.®.'® 


Coefficient of 
Agyregate thermal expan- 
son, per deg I 


Perlite $2to6.1 K 10 
Vermiculite 6to7.9 «K 10° 
Pumice 5.2to 6.0 &K 10" 
expanded slag 5.1to6.2 K 10" 
Expanded shale 3.610 4.5 & 10" 
Moist-cured neat cement 

(nonecellular ) 6.5 &* 10“ 
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THERMAL CONDUCTIVITY 
Oven-dry insulating concretes 


Average thermal conductivity values for oven-dry insulating and other 


» 6 28 


concretes, as reported by a number of sources,?.' ' are presented in Table 


4. Some differences between values from different sources may be expected, 
especially for tests made at different mean temperatures. Some of the data 
from which the tabulated averages were derived indicate that the conductivity 
may be as much as 15 percent higher at a mean temperature of 120 F than 


at 32 F. 


TABLE 3—AVERAGE THERMAL CONDUCTIVITY VALUES FOR OVEN-DRY 
INSULATING AND OTHER CONCRETES 


Average thermal conductivity, Btu per hr per aq ft (deg | 
Density at indicated mean temper ire 
oven-dry 
lb per cu ft HiHbA,* Rowley and | Khreuger and 
120 1 Algren,? 75 1 eriksson} 


15 
A) 0.70 
40 0. 90 
Ww) 5 
50 
oO 


70 
sO 
WW 
100 a) 10 


hh 
120  ¢ > 75 
140 10.5 l 


*HEIF A? values are from average curve derived from data of Kluge, Sparks, and ‘I 
for lightweight aggregate concretes 

tRowley and Algren’s® values were obtained for dense and lightweight-aggregat 
12.8 percent free moisture; the values presented here were corrected by present 
by assuming that an increase in density due to an increase of 1 percent in free moist 
ductivity of 5 percent 

tCellular concrete and other inorganic building materials 

§Autoclaved cellular concrete 

“Ordinary dense concrete, no-fines air-entrained dense and lightweight-aggregat 


* 


concretes 


Concretes of the same density, but containing different Group IT lightweight 
aggregates, showed large differences in conductivity, as reported by Kluge, 
Sparks, and Tuma.® At a density of 85 lb per cu ft, for example, the con 
ductivity values of concretes containing an expanded clay or an expanded 
slate were 70 percent higher than those for concretes containing an expanded 
slag. Values reported more recently by the Housing and Home Finance 
Agency'® for expanded slag, expanded shale, and pumice concretes having 
densities in the range 51 to 86 lb per cu ft, are not significantly different from 
the average conductivity-density relationship derived earlier by the HHFA.’ 
Values obtained at the National Bureau of Standards*® for lightweight- and 
dense-aggregate no-fines concretes containing 20 to 35 percent of entrained 
air were generally appreciably higher than those for conventional lightweight 
aggregate concretes of similar density reported by Kluge, Sparks, and Tuma,® 
as indicated in Fig. 1. Aecording to Rowley and Algren,** the flow of heat 
through a heterogeneous mass composed of ingredients of unequal conducti 
vities occurs mainly through the elements of higher conductivity. This sug 
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ie sue — T Fig. 1|—Average relationships 
"=; of thermal conductivity to 
ROWLEY density. Curves from refer- 
2 on gg ences 28 and 7 are for 
AND ERIKSSON lightweight- and dense-ag- 
CAMMERER gregate concretes; 29-32 are 
KUDRIASHEV for cellular concretes, dense 
oe concretes, and “inorganic 
a building materials;’ 2 is for 
no-fines air-entrained light- 
weight- and dense-aggregate 
concretes, conventional con- 
crete, and cellular concretes 

















! | J i i | 
40 60 80 100 =: 120 140 








DENSITY, (OVEN DRY), LB/CUFT 


gests an influence of the size and density of coarse aggregate on the disparate 


values that have been obtained for no-fines air-entrained dense aggregate 


concretes and Group Il-aggregate concretes of the same density. 


Influence of moisture on thermal conductivity 


The current practice of determining and reporting conductivity values for 
materials in an oven-dry condition is not entirely satisfactory for indicating 
insulating value of conerete in service. Different concretes in equilibrium 
with surroundings at a given temperature and relative humidity may contain 
significantly different percentages of free moisture.* The use of oven-dry 
specimens is an expedient dictated both by uncertainty concerning the actual 
moisture content of the concrete in service and experimental difficulties en- 
countered in hot-plate conductivity tests of materials containing appreciable 
amounts of moisture. 

Conductivity values for cellular concretes containing different percentages 
of free moisture have been reported by Kudriashev*? and Graf;** values for 
limerock-aggregate concrete have been determined by Tyner.*4 Average 
effects of free moisture, reported as the percentage increase in thermal con- 


*The percentage of free moisture in insulating concrete is defined as 100 times the ratio of the loss in weight 
upon oven-drying at approximately 220 F to the oven-dry weight. 
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ductivity for each percent increase in density due to free moisture, were as 
follows: 


Type ol concrete Density, lb per cult 


Lime-silica autoclaved 


31 to 62 
cellular concrete sl to 62 


Various cellular concretes 24 to S4 
Expanded shale concrete 


Limerock concrete 


The Ak/Ad values shown represent the percentage increase in conductivity 
for each increase of 1 percent in weight due to free moisture. These values 
are for temperature “above freezing; for subfreezing temperature 
Kudriashev*? reported corresponding values about double those shown 

Tyner*‘ cites corresponding values for concrete, obtained by others, ranging 
from 3 to 11. Of 18 values reported by Graf** 16 were between 4 and 7.8 
the others were 10 and 17. Where notably high values are reported the 
possibility exists that appreciable moisture migration occurred during test 
and partially influenced the result. However, the frequency with which values 
between 4 and 6 occur suggests that at least an approximate value for the 
conductivity of concrete containing free moisture may be estimated by 
increasing the conductivity value obtained for oven-dry concrete by 5 percent 
for each percent increase in density due to free moisture 


Petersen'® reported values for thermal conductivity of specimens I in. thick 


and of walls 8 in. thick, made from expanded shale and expanded slag con 


eretes having dry densities of 61 to 94 lb per cu ft. Thermal conductivity 
values derived from the test data for the 8-in. walls were between 30 and 60 
percent greater than those obtained for the nearly-dry l-in. specimens 
Petersen'® attributed the higher values obtained for the thicker specimen 
to an appreciably higher, but not definitely known, moisture content 


FIRE RESISTANCE 


Resistance of concrete to the flow of heat is an lmiports actor affecting 
fire resistance. Thermal expansion and the chemical and m anical stability 
of a concrete may also affect its fire resistance. The fire-protective funetion 
of concrete ranges from that of supporting loads during and after a fire, to 
that of serving as expendable, insulative protection for structural steel from 
high temperature during a fire. The latter function will be discussed here 
Carlson*® discusses fire resistance of walls of masonry unit 

Heat is transferred through concrete exposed to fire by conduction and, at 
high temperature, by radiation. The latter will depend upon the number of 
air-solid interfaces traversed through a given thickn of material. Light 


weight concretes, either cellular or containing lightweight aggregate that is 
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itself cellular in structure, offer good resistance to flow of heat due to radia- 
tion. The initial high moisture content of some lightweight concretes may 
also offer significant temporary advantage.*®*’ 

Fire tests are generally performed upon relatively large-size models of wall, 
floor, and column constructions. Because each test is costly, data are not 
sufficiently abundant to fall into simple classification solely on the basis of 
type of lightweight aggregate or concrete used in the test structures. 

Iistimated fire resistance ratings of walls and partitions of hollow concrete 
masonry units are reproduced by the Portland Cement Association®*® from 
the National Building Code of 1949.°° These ratings are given in terms of 
the “equivalent” or average thickness of solid material in a wall required 
for 1-, 2-, 4-, and 4-hr fire resistance. For a given rating the required thick- 
ness was least for units of expanded slag or pumice. Next, in order of in- 
creasing thickness, were expanded clay or shale; limestone, cinders, or un- 
expanded slag; calcareous gravel; and siliceous gravel. 

Fire tests have been performed on walls of reinforced concrete with perlite‘ 
and vermiculite’? aggregates and reinforced moist-cured*! and autoclaved*®.* 
cellular concrete; a non-load-bearing perlite-aggregate solid masonry wall has 
also been fire-tested.“ Because of differences in these wall constructions, 
test results are not directly comparable with each other or with those reported 
for walls of units with Group II aggregates. However, these few results in- 
dicate that non-load-bearing walls of reinforced concrete or concrete masonry 
units containing perlite or vermiculite aggregate, and reinforced cellular 
neat cement, may attain 4-hr fire resistance ratings in moderate wall thick- 
nesses. Good ratings also appear attainable for these materials in load- 
bearing walls but the required thickness appears to depend upon the amount 
and nature of reinforcement and the use of mixes having appreciably greater 
density and structural value than are ordinarily required in roof-fill appli- 
cations. 


Fire tests of steel and reinforced concrete columns encased in concretes 


made with pumice, cinders, and certain dense aggregates have been reported 
by Mitchell.*? ; 


Fire resistance ratings of steel columns protected by gypsum plaster con- 


taining sand, perlite, and vermiculite aggregates are presented by Crosby, 
Fiske, and Forster.“* Perlite and vermiculite appear to offer potential ad- 
vantage over dense siliceous sand as ingredients in fire-protective materials 
for structural elements. 


ACOUSTIC PROPERTIES 


The properties sound insulation and sound absorption are distinctly different 
entities.* A wall is said to POSSESS good sound insulating properties if the 
intensity of air-borne sound energy incident upon one side of the wall is 
attenuated or reduced to a satisfactory degree upon passing through the wall. 


*This paragraph is largely based on discussions of the subject by the British Building Research Station,“ 
Knudsen and Harris in Acoustical Designing in Architecture,” and by the National Bureau of Standards.“.” 
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Sound absorption, however, refers to the degree of “nonreflection”’ exhibited 
by the surfaces against which sound energy impinges; therefore, sound ab 
sorbent materials are not sound insulating in the direct sense. An open 
window is often employed as a standard of 100 percent absorption (0 percent 
reflection) but also is virtually 100 percent transmitting (noninsulating 

The sound insulation properties of the walls of a room reduce noise in the 
room caused by air-borne sound originating outside the room; sound ab 
sorbent treatment of the walls or ceiling of a room reduces the duration 
and intensity of reverberant or severally reflected sound originating within 


the room.* 


Sound insulation 

The problems of insulating air-borne and solid-borne noise are quite 
different, according to Knudsen and Harris:* 

Although massive, rigid partitions (for example, concrete walls) provide effective 
insulation against air-borne noise, they offer poor protection against solid-borne 
vibration.’ 

Mechanical vibration may be transmitted along solid paths with little 
attenuation. Thus, a bare concrete floor may readily transmit the sound 
of footsteps to a room below. Solid-borne noise should be suppressed at its 
source, according to Knudsen and Harris; otherwise, marked discontinuities 
in density or elasticity in the solid transmission path are required to reduce 
sound transmission. 

The measure of sound insulation is the “transmission loss,’’ expressed in 
“decibel” units: 

Transmission loss (TL 10 log EV/E 
where EF; is the level of sound energy incident upon a wall or partition, and 
Ef, is the level of sound energy transmitted through the wall \ transmission 
loss of 10 db (decibels) indicates that 1/10 of the incident sound energy is 
transmitted; 20 db, 1/100 is transmitted; 30 db, 1/1000, and so on.t The 
entire range of human audibility is about 120 db, or about 10" times the 
least audible sound. Sound intensities above 120 db are perceived as pain 

The degree of insulation of air-borne sound considered adequate will vary 


with the type of occupancy, the external noise level, and with the individuals 


occupying a building. Recommended minimum TL values for party walls 


between apartments and for walls for hospital rooms, range from 45 to 55 
db in Canadian,®® Swedish,*’ and British®!®? building codes, and according 
to recommendations of the American Public Health Association.“° Values as 
low as 40 db may be satisfactory for school classrooms 


According to various studies*’.4*.5*-5* of the insulation of homogeneous 


*Knudsen and Harris® state that the level of noise which is transmitted into a room is reduced relat 
by sound absorbent treatment 

tValues reported for transmission loss are usually averages of individua lu obtained for a number 
different frequencies that range from about 100 to 4000 eps rl slues for concrete are stun higher at 
highest of these frequencies and the reported average value may be several « 
e.g., 100 to 2000 cps) was covered 

tFor the purposes of this discussion of sound insulation a wall is considered 
together. In this sense, plastered walls of concrete or clay masonry unite 
other lath are homogeneous 
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Fig. 2—Average transmission loss data for air-borne sound for concrete masonry and 

other types of walls. Tests conducted by National Bureau of Standards, National 

Physical Laboratory of Great Britain, Riverbank Laboratories, and various other 

laboratories. Transmission loss values are averages for frequency ranges of ap- 

proximately 100 to 2000, 3000, or 4000 cps. Heavy line is average transmission 
loss-weight relationship of Knudsen and Harris, reference 47 


porous Walls against air-borne sound, the weight per unit of wall area is the 
most important factor influencing the transmission loss. The stiffness, manner 


of attachment at edges, and nature of the materials are of secondary impor- 
tance. Fig. 2 contains TL and weight data for walls of concrete and plaster 
in which lightweight and other aggregates were used. The heavy straight 


line represents the average relationship between TL and weight presented 

by Knudsen and Harris,*’ and indicates that the effect of doubling the weight 

of a homogeneous wall is to increase the TL by about 4.5 db. Differences 
) 


smaller than 3 or 4 db in values from different laboratories should not be 
regarded as significant. Knudsen and Harris state that plastered walls of 
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TABLE 4—EFFECT OF PLASTERING OR PAINTING ON SOUND INSULATION 
OF WALLS OF CONCRETE MASONRY 


Type of concrete unit and aggregate Reference* Treatment Weight 


4-in. hollow pumice block 
Hollow expanded slag block filled with sand 
4-in. hollow expanded slag block 


8-in. hollow expanded slag block 
Plastered, both 
1-in. hollow expanded slag block ; None 
Plastered, both f 
(C‘ement paint 


both faces 


6-in. hollow expanded slag block 5 None 


3-in. solid cinder slabs Plain 


Plastered one face 


Plastered both faces 


*Tests reported in numbered references were conducted in the following laboratories 
Reference 48, Riverbank Laboratories 
References 47, National Physical Laboratory of Great Britain 
References 48, National Bureau of Standards. 


porous building block usually have TL values 3 or 4 db higher than those 
predicted by the straight-line relationship. 

Porous, rigid materials may be expected to follow the weight-TL relation 
ship only if the pores are not continuous. In some types of block made with 
harsh, dry concrete, the TL will be much lower than predicted from weight 
alone because some transmission of air-borne sound will occur through the 
continuous air paths in the material. Table 4 indicates a marked effect. of 
plastering, or painting with cement-water paint, in increasing the trans 
mission loss of walls of blocks or slabs made of lightweight aggregate concrete 

Most of the data available on air-borne sound insulation of lightweight 
concrete are for walls of concrete masonry units. Fig. 2 indicates wide dive 
gences for data from different laboratories. Results obtained in each of the 
laboratories giving values different from those predicted by the Knudsen and 
Harris*’ straight line are themselves more or less consistent in following a 
weight relationship of approximately the same slope as, but as much as 5 
db higher or lower than, the presented relationship. 

No satisfactorily comprehensive investigation of the sound insulation value 
of concretes made with all of the most widely used lightweight aggregates 
has yet been made. 

There is no indication that lightweight aggregates because of their “light 
ness’ or for any other reason, impart special sound insulation properties to 
concrete. On the contrary, for solid constructions, and even for hollow 


masonry walls, increasing the weight of the wall generally improves the 


sound insulation value of the wall. Values presented for perlite and ver- 
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miculite are limited largely to plasters containing these aggregates and com- 


parisons with sanded plasters, but concretes containing these aggregates 
would probably follow fairly generally the Knudsen and Harris*’ relationship. 


If single, rigid partitions are to be used, the TL obtained cannot exceed 
appreciably the value given by the TL-weight relationship shown in Fig. 2, 
eg., if 50 db TL is required of a single rigid partition, its weight must be 
about 70 lb per sq ft. Fortunately, however, architects and acousticians have 
devised special types of discontinuous construction, resilient clips for at- 
taching metal lath, ete., which permit the attainment of good sound insula- 
tion at relatively low weight. The reader interested in devices of these types, 
which are quite outside the scope of the present report, is referred to the work 
of Knudsen and Harris,‘? and of the National Bureau of Standards. ** 

Sound absorption 

The most commonly used absorption coefficient is a number expressing 
the ratio of the amount of sound energy absorbed (not reflected) by a surface, 
to the amount of energy incident upon that surface. Thus, an absorption 
coefficient of 0.03, a value commonly obtained for smooth plaster or for a 
smooth, trowelled or cast concrete surface, indicates that 97 percent of the 
incident sound energy is reflected by the surface. Absorption values are 
usually given for a range of sound frequencies from about 125 to 2000 cps 
(cycles per sec.); absorption of 500 eps sound is the criterion usually employed 
for sound absorbents for auditoria. The average absorption at a number of 
frequencies from 125 to 2000 cps is sometimes termed the “noise reduction 
coefficient.” 

The sound absorption properties of materials may reside largely in the 
character of their surfaces exposed to sound energy. Porosity of surface is 
generally needed for good sound absorption, but the pores should be inter- 
connected from the surface to the interior of a material so that the sound 
energy may impinge upon a large, internal, porous surface. When this con- 
dition obtains, the absorption will depend also on the thickness of the material 
and nature of the backing. 

Typical absorption coefficients (at 500 eps) and noise reduction coefficients 
for concretes containing various aggregates, as reported by Watson and 
Morrical,” the British Building Research Station,®® and other sources, are 
presented in Table 5. 

Although relatively good sound absorption may be obtained for lightweight 
aggregate concrete having a porous surface, values almost as good may be 
obtained for similarly porous dense aggregate concrete.** However, the 
desirably porous surfaces, especially in concrete block, are more easily attained 
with many of the lightweight aggregates than with dense aggregates. Ver- 
miculite and perlite aggregates have been used extensively as ingredients in 
sound absorbent plasters. 

Inasmuch as sound absorption depends upon the nature of the concrete 
surface, untreated surfaces are much more absorbent than painted or plastered 





INSULATING CONCRETES 


TABLE 5—TYPICAL SOUND ABSORPTION DATA FOR VARIOUS 
CONCRETES AND PLASTERS 


Absorption Noise reduction 
Material | Reference coefficient, coefficient 
| 500 cps 125 to 2000 eps 


Perlite acoustical plaster | f 4 0.5! 
1: 8 vermiculite concrete 8 0 


~ 


Lightweight aggregate block : 2 7 
Dense aggregate block 2 


Expanded slag block 

Expanded slag block 

Cinder block mixes 

Expanded shale block mixes 

Sand-gravel block mixes 

Limestone aggregate block mixes 

Expanded shale aggregate block 
‘inder aggregate concrete 


tonerete block (dense)* 
Jonerete block (lightweight) * 


Smooth plaster (solid backing) 


Concrete (smooth trowelled finish) 


*Remote side of block sealed. 


surfaces. Three or four coats of cement-water paint lowered the sound 
absorption of porous concrete surfaces rather markedly in the study reported 


by Watson and Morrical.** Smooth plaster almost nullifies the absorptive 


value of porous concrete block. ‘This fact illustrates again how decidedly 
different are the factors upon which sound insulation and sound absorption 
depend. Concrete porous enough to be a good absorbent will usually have 
poor insulation value. The virtual elimination of good absorptive properties 
by plastering the concrete will usually result in markedly improved sound 
insulation value, as indicated in Table 4. 

No study of the sound absorption of cellular concretes has been reviewed 
in preparing the present report. However, because the pores or cells of 
cellular concrete are generally not intercommunicating, high values of sound 
absorption might not be expected for this type of material. 


RECOMMENDATIONS 


Extant specifications for concretes for thermal insulation are in a formative 
state, and show either inadequacies or unnecessary restrictions. This is 
unavoidable, because of the relative newness of some of these materials and 
reliance has been placed upon methods applicable to more conventional 
structural concretes. 

Future research on insulating concretes might consider some of the following 
subjects: 

Modification of aggregate grading requirements. 

. Choice of satisfactory test specimen fabrication techniques. 

. Choice of a satisfactory compressive strength test specimen from standpoint of 
shape, and method of capping. 
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4. Investigation of effect of oven drying on strength of specimens of different sizes. 
5. Significance of indentation strength. 
). The advisability of performing briquette tensile tests. 
Drying rates in controlled atmospheres. 
Dimensional stability over long periods and its importance. 
. Applicability of cellular concretes. 
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Title No. 53-28 


Prestressed Bridge Designed for Crane Load at 
Niagara River Weir® 


By A. M. LOUNTT 


SYNOPSIS 


Cranes which operate gates of a control weir on the Niagara River cause 
heavily eccentric live loading on the 1512-ft supporting bridge. Bridge designer 
selected a homogeneous grid system of longitudinal girders tied together by 
diaphragms, covered with a 7-in. slab acting compositely with the longitudinal 
girders. All components of the grid are prestressed. Design considerations 
of transverse bending stiffness and torque rigidity are discussed, and step-by- 
step method for exact structural analysis of the grid is summarized. Construc- 
tion features are treated briefly with emphasis on shear connectors, stirrup 
spacing, and prestressing system. 


INTRODUCTION 


Iixtensive remedial works designed to preserve the beauty of Niagara Falls 
are currently being undertaken jointly by the Ontario Hydro-Electric Power 
Commission and the United States Corps of Engineers. Part of these works 
is a control weir on the Canadian side of the river just above the falls. The 
gates in this weir are serviced by cranes operating from a bridge deck which 
spans the openings of the weir, and as a result the loads involved are quite 
unusual, both in size and in nature. The total live load is in excess of 100 
tons, and this can be heavily eccentric. 

Due to restrictions imposed by the construction schedule, only a minimum 
of time could be allowed for construction. Because of this and for other, 
aesthetic reasons, the use of precast prestressed concrete was adopted. Pre- 
stressing also permitted the construction of a light and completely homoge- 
neous grid with many of the properties of a solid slab. This was of importance 
due to the high eccentricity of the load. 


GENERAL DESCRIPTION 


Fig. 1 shows a general view during construction of the 1512-ft structure, 
and a side view of the bridge deck is shown in Fig. 2. 


Ihe underside of a typical grid used in this structure appears in Fig. 3. 
*Presented at the ACI 52nd annual convention, Philadelphia, Pa : 22, 1956. Title No. 53-28 is a part 
of copyrighted JounnaL or THe AmeRican Concrete Inerirure, V. 28, No. 5, Nov. 1956, Proceedings V. 54 
Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later 
than Mar. 1, 1957. Address 18263 W. MeNichols Rd., Detroit 19, Mich. 
tMember American Concrete Institute, Consulting Engineer, T. O. Lazarides, Lount and Partners, Toronto 
Ont., Canada. 
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Fig. |1—Completed ‘portion of bridge deck is on the right side of the long span shown 
here. The temporary construction bridge parallels it forming the left side of the 
divided roadway. Construction proceeds on another pier in the unwatered areo 


Fig. 2—Side view of bridge deck shows the 70-ft girder span in place between 15-ft 
members cantilevered from the piers 


These grids, 70 ft long and 24 ft wide, are carried by 15-ft cantilevers pro- 
jecting from the piers located between the gates. 


Each grid consists of six longitudinal girders tied together by diaphragms 


with full moment connections. The transverse diaphragms are prestressed 
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so that all girders act simultaneously. 
To achieve maximum efficiency the 
beam spacing is varied so that the 
outer beams are closer together than 
the inner ones. An analysis was made 
of beam spacing to insure that maxi- 
mum loading on any one beam would 
be approximately the same as that for 
any other beam. A 7-in. prestressed 
concrete slab spans between the gird- 
ers acting compositely with the longi- 
tudinal girders. 

At midspan the main girders are 
42 in. deep with an area of 601 sq in., 
and each weighs 25.5 tons. They are 
stressed by means of eight prestressing 
bars of 1'4-in. diameter. Beam ends 


are formed to correspond with beam ‘ 

Fig. 3—Under view of the girders. Note 

unequal spacing and diaphragms. Boxes 
between center girders are for ducts 


seats at the end of the cantilevers, 
and the resulting shape of the end 
block created some difficulties in the 


detailing of anchorage layouts. Provision had to be made for adequate 


clearances for jacking equipment. 

Because of the number of prestressing elements and transverse diaphragms, 
location of and clearance between longitudinal and transverse elements had 
to be carefully detailed. 

The loading, span length, and girder spacing were such that the thickness 
of the deck slab became a problem. In composite prestressed concrete con- 
struction the weight of the deck slab is of considerable importance to design 
efficiency. The main beams alone usually have only half the strength of 
the composite section. The dead load effect of the deck itself is therefore 
considerably magnified unless the beams are propped during casting operations 
Apart from the complications involved, it is difficult to control the stress 
distribution in the prestressed beams resulting from propping. On a span 
of this length a deck thickness of 7 in. can be considered critical. For thick 
nesses above this, little extra longitudinal bending strength is obtained, and 
the resulting decompression of the bottom flange of the beam at the time of 
casting of the deck becomes a serious problem. Consequently, the deck slab 
itself was prestressed to keep its dimensions within reasonable limits. The 
saving thus achieved in the beams outweighed the slight extra cost of the 
slab. 


DESIGN CONSIDERATIONS 


The bridge is subject to a load of a crane with boom at radius of 30 ft lifting 
a 6-ton concrete block. This produces a load of 48 tons on one track of the 
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crane. In addition the superimposed loading of trucks carrying 6-ton blocks 
had to be considered. It was expected that the cranes would normally operate 
inside the curbs of the structure, but it was necessary to provide for the 
eventuality that a crane might inadvertently climb the curb. 

The distribution of load among the main longitudinal girders, coupled with 
the need of precise determination of resulting diaphragm stresses, constituted 
the major design problem. 

Whether the structure is considered empirically or calculated precisely, 
the problem is to predict what in fact does occur in the completed structure. 
The degree to which the designer can be successful in his prediction is a measure 
of the progress he can make in developing new design types and in designing 
structures of maximum economy. Principal factors affecting load distribution 
among the girders are diaphragm stiffness, beam spacing, and torque rigidity 
of the system. The nature and thickness of the deck slab may have con- 
siderable effect on a bridge system without diaphragms, but where diaphragms 
are used the effect of the deck slab is chiefly confined to increasing diaphragm 
stiffness and in adding to the torque rigidity of the system. Its own trans- 
verse bending effect is negligible relative to that of the diaphragms. 

Diaphragm stiffness and torque rigidity have fundamentally different 
effects. An increase or decrease of diaphragm stiffness will correspondingly 
increase or decrease primary stresses in the longitudinal members and dia- 


phragms. No secondary stresses result. An increase in torque rigidity will 
tend to decrease primary stresses in heavily loaded members, increase stresses 
in lightly loaded members, and will result in secondary shear stresses par- 
ticularly in the longitudinal members. 


In a system with no transverse rigidity and no torque rigidity the beam 
directly under the load carries the whole load. In a system with infinite 
transverse stiffness, but no torsional stiffness, the center of gravity of re- 
actions from the beams lies directly under the load, as shown in Fig. 4. Thus, 
if a load is at the center of the bridge deck all the beams will deflect uniformly. 
If the load is at the side of the bridge, there will be a uniform straight-line 
deflection distribution between the girders starting from a maximum at one 
side of the bridge to a minimum at the other end. There may actually be an 
upward reaction from the beams on the side opposite to the load. 

In a system infinitely rigid in both transverse bending and torsion as shown 
in Fig. 5, no matter where the load is located all the beams deflect an equal 
amount. 

In reality, of course, no system is entirely free of transverse bending stiff- 
ness or torque rigidity. True conditions are a mixture to a varying degree of 
both factors. It may be shown that the effect of longitudinal torque resistance 
is negligible in calculations involving widely spaced girders. It is, however, 
not negligible when girders are closely spaced or have exceptionally large 
torque moduli, or where beams are erected touching flange to flange. 

While torque rigidity substantially increases the strength of certain types 
of structures, resulting secondary stresses may be of considerable importance. 
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Fig. 4—Load distribution in a 
no-torsion system 
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Unless these secondary stresses are determined and unless we can be sure 


that creep and plastic flow resulting from such stresses will not in turn vary 


the load distribution pattern with time, we should be cautious in taking too 
much advantage of torsional rigidity. Torsional rigidity should be counted 
upon when all factors contributing to it in our assumptions, test specimens, 
or models are in fact actually present in the completed structure. This is 
a field in which additional research would be most welcome. 


GRID ANALYSIS 


A structure of this nature may be analyzed either by analogy or by a 
strict elastic analysis. Guyon has approached the problem by means of 
analogy to an anisotropic slab (having different bending properties in two 
different directions). Guyon does not consider torsional rigidity. Massonet 
has developed the Guyon method to take account of torsional rigidity. Both 
methods have been shown to be reliable for certain cases and for uniform 
moments of inertia. 

In general, Europeans have recognized the importance of transverse strength 
in bridge structures and codes are either being prepared or have been pre 
pared specifying minimum transverse strength. 

None of the existing empirical methods of Guyon, Massonet, or others 
were applicable to the Niagara bridge due to the variable moment of inertia, 
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Fig. 5—Load distribution in a 
torsional system 
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the variable spacing, and the large number of diaphragms. Therefore, it was 
necessary to make an exact analysis of the grid. The method of analysis 
adopted was developed by Lazarides.* 

For uniform or single-point loading the method of relaxation is the most 
applicable. The Dome of Discovery at the Festival of Britain was an out- 
standing example of the application of this method. For moving loads, 
influence fields must be calculated by the solution of the basic simultaneous 
elastic equations for the system. This was the method adopted for the 
solution of this problem. 

The procedure consisted of the following steps: 

1. Intersection point deflection calculations for the longitudinal and transverse 
beams considered separately under the action of unit point loads applied at each 
intersection point in turn. 

2. Compounding elastic equations based on the principle of equating two distinct ex- 
pressions for the difference of deflection of the same grid point. This produced 48 
lineal elastic equations equal in number to the number of elastic unknowns which, 
therefore, made it possible to determine these unknowns. 


*Lazarides, T. O., “The Design and Analysis of Qype Prestressed Concrete Beam Grillages—Part I,"’ 


Ciel Engineering and Public Works Review (London), 47, 1952, pp. 471-473. See also Lazarides, T. O., The 
Structural Analysis of the Dome of Discovery, Crosby Lockwood and Sons, Ltd., London. 
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3. Reduction of the number of unknowns by breaking down the initial set of elastic 
equations into two sets with six unknowns and two sets with eight unknowns. This 
was done by the load transformation method and greatly reduced the work involved in 
solving the equations. 

4. Solution by the straight Gauss method of each set of equations. To desensitize the 
equations, thus making manual solution practical, selected arbitrary constants were 
added to the system, to spread apart the individual inverse matrices. Work had to be 
carried out to 12 significant figures to insure a result accurate to four significant figures 
After solution of the equations the arbitrary constants had to be eompounded with the 
answers. The selection of the arbitrary constants calls for experience and a knowledge 
of the theory of equations 

5. Recompounding of the four sets of answers to produce the basic interaction 
forces at any point of the grid due to a load at any point 

6. Carrying of the stability and elastic checks to insure the validity and accuracy 
of the answers 

7. Drawing of the influence field for the grid. 

8. Calculation of shears and bending moments for the loading considered 


In spite of numerous short cuts and systematic tabulation, five men worked 
for 6 weeks, 10 hr per day, to complete the original calculations. This effort 
was justified only by the large savings resulting from the internal load distri- 
bution in the 13-span structure. The method has since been coded for elec 
tronic computer, and the entire operation repeated in less than 2 hr at a cost 
below $300. 

By hand, this analytical approach is of value only to special problems 
The labor cost precludes it from use on smaller and less important structures 
However, when carried out on a electronic computer, the method has a wide 
field of application. 


CONSTRUCTION DETAILS 
Prestressing system 
The so-called “blank” design method has been much used or abused by 
designers wishing to insure competitive bidding on all phases of their work. 
The best that can be said for such procedures is that they have worked out 


not too badly in some cases. Specifying the center line of the prestressing 


force is an elementary exercise, but careful detailing is required for the prac- 
tical location of actual prestressing elements and the housing of the anchor 
ages. As long as simple beams are involved the problem is usually not great. 
When beams are continuous or when prestressing elements must be stopped 
or bent up, the original design may have to be altered substantially to ac- 
commodate certain systems. Otherwise, types of design not lending themselves 
to all systems cannot be considered. In the main, the effect of “blank” 
design is a general stultification of design. 

To avoid this and yet to provide competition, bids were taken for the 
supply of prestressing materials and equipment. The Stressteel Co. was 
awarded the supply contract, and from that point forward, all details and 
dimensions were worked out based on this system. Several features, notably 
the end block details and the diaphragms, could not have been designed 
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without knowing exact element capacities, dimensions, permissible curvatures, 
and jacking clearances. Even the selection of the optimum girder shape 
would have been difficult without knowing what system was to be used. 
Stirrups 

Stirrups were detailed to provide support for the prestressing elements. 
They were made in halves so that the second half could be inserted after the 
element had been securely wired to the first half. Stirrups with multiple 
bends requiring great accuracy in bending and skill in placing were avoided. 
Shear connectors 

Composite construction requires an adequate shear joint between the beam 
and the deck. An important feature of a shear connection is its resistance to 
slip movements. In a grid structure where load transfers at intersection are 
apt to reverse from one point to the next, a rigid connector is of great im- 
portance. 


In this case not only are the shear forces heavy, but conditions are such 
that a soft joint could disturb the stiffness relationships between the members. 
The most rigid joint possible is an actual shear key, but unreinforced keys 
cannot be relied upon when stresses are significant. Also, the deck must be 
held down onto the keys by steel projecting above the flange, making con- 
struction more complicated. If this steel has to supplement the shear capac- 
ity of the concrete key, the steel should be designed for the full capacity 


since there will be some movement before the steel can act and this move- 
ment may be sufficient to crack the concrete key. 

In this bridge the shear forces both in the beam and at the joint are ex- 
ceptionally heavy. There are two systems of shear connectors. The first 
is an extension of the stirrups, which means that for every pair of stirrups 
there are four bars through the joint. In addition, there are “concertina” 
bars in the top flange. These bars have a great advantage over straight 
dowels. They are easier to handle and to keep in place and they are twice as 
stiff as straight bars due to the effect of the loops. 

Miscellaneous details 

Holes for transverse bars are provided by pipe sleeves. The greater the 
beam spacing the more the tolerance that can be allowed in the location of 
these sleeves. 

There is no point in saving materials by making shallow slopes on the 
tops of the bottom flanges. A steep slope may theoretically mean a few 
extra tons of prestress in a large beam, but practically, those extra tons are 
usually there anyway due to limitations imposed by available element capac- 
ities. A steep slope means assurance of good concrete in the bottom flange, 
a longer form life, greater ease in removing forms and a better surface finish. 
It is also easier to use dryer concrete and thus reduce cement costs and waste. 
The bottom flange is sturdier and is more capable of resisting impact forces. 
The loss of one beam would wipe out many times any saving resulting from 
reduction in concrete volume. 
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All inside and outside corners were chamfered, and there were no sharp 
changes of sections. This preserves forms and results in a stronger, better- 
looking product at little or no real extra cost. 

Longitudinal mild steel is used in the form of #3 bars at the four corners 
of the I. This keeps the stirrups in line, makes a stronger cage which is 
less apt to become disturbed by concrete placement, and increases the 
cracking strength of the beam. 


Stiffeners cast integrally with the beam were avoided where possible as 
these complicate formwork, reduce form life, and complicate the auxiliary 
mild steel. In this case the cast-in-place diaphragms stressed later provided 
the stiffener action needed. Only the edge girders have small projections 
on the outer side of the web to accommodate the transverse prestressing 
anchorages. 


CONSTRUCTION PRACTICES 
Materials 
The concrete was of a minimum specified strength of 5000 psi. This work 
was carried out by the owner’s forces and no trouble was encountered in 
producing concrete of this quality consistently. 


All heats of prestressing bars were tested, and the stressing data were 


computed separately for each heat. The bars were found to be accurately 
cut, and careful planning of casting beds insured that all the beams were 
of exactly the right length to match the bars. 


Casting operation 

Casting operations were carried out in a yard close to the bridge site. Two 
beams were cast simultaneously, and four casting beds were provided. 

While the main operations took place during the summer, some winter 
concreting was necessary. This was done by enclosing the casting beds 
in tarpaulins and running steam lines into the enclosure. Temperature was 
carefully controlled. The application of steam directly to pockets in the 
formwork under the beam was avoided as this practice has been found to 
be dangerous. 


Forms 

Careful attention was paid to the provision of gaps between panels to 
allow for expansion of the wood when wet and to prevent binding when 
forms were removed. 

Traps were left at regular intervals in the top of bottom flange form to 
permit insertion of vibrations. Fig. 6 shows a section of the casting area 
with a girder being formed. 

Stressing and handling 

While the crews, previously inexperienced in this work, were at first some- 

what apprehensive about this operation it was found that it quickly became 
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Fig. 6—Forming the girders. Note web reinforcement and shear dowels 


routine. Stressing is always regarded as a major item by those unfamiliar 
with prestressing. In reality trouble is seldom encountered. 

The beams were lifted by a specially designed cradle constructed from 
Bailey bridging, as shown in Fig. 7. Beams not required immediately were 
stored on racks in a yard close to the casting site. Beams were handled 
into place over a temporary construction bridge providing access to the 
cofferdams. 

Decks and diaphragms 


The deck and diaphragms were cast in place from formwork supported off 


the main beams. The formwork was then stripped and the transverse pre- 
stress applied. This operation proceeded smoothly. A view of the deck 
under construction may be seen in Fig. 8. 


Fig. 7—Lifting girder. Holes are for diaphragm prestressing units. The girder will 
be transported on the Bailey bridging cradle 
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Fig. 8—Casting the deck. Note transverse prestressing elements 


Grouting 

To protect the prestressing elements and to obtain maximum ultimate 
capacity, the prestressing ducts were grouted at a pressure of 70 psi. It has 
been our experience that unless grout is applied under such pressure, voids 
may be left, permitting the accumulation of water next to the prestressing 


elements. While it remains to be proved that such stagnant water may 


actually harm the elements, it can do no good. 


CONCLUSION 


This job was ideally suited to prestressed concrete and was undertaken as 
a normal construction by a force of men with no previous experience in this 
method of construction. The results show that anyone with experience in 
the production of high-standard reinforced concrete can tackle with confidence 
a job in prestressed concrete. 

The design problems encountered were of unusual interest, and their 
solution has led to the finalizing of a design method for bridge deck grids that 
is of general application. The preliminary results of load tests on completed 
portions of the structure have been encouraging and show that the method is 
probably the most accurate means yet developed of analyzing such a struc- 
ture. The use of the electronic computer has made it possible to apply the 
method as a matter of routine to highway bridges. [Economies thus achieved 
have been substantial. It is hoped that further developments will enable 
designers to take greater advantage of the torque resistance of grid systems 
when such will result in further economies. 


For such discussion of this paper as may 
develop please see June 1957 JourNAlt. 
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Particle Interference in Concrete Mixes’ 
By B. J. BUTCHERT and H. J. HOPKINSt 


SYNOPSIS 


C. A. G. Weymouth’s theory of particle interference postulates that fine 
particles infiltrate into the voids of larger particles. The authors’ examination 
of Weymouth’s method of calculation has shown his results to be in conflict 
with recognized physical laws. They advance a new method of applying 
the Weymouth criterion for particle interference in concrete mixes, based 
upon a consideration of the complete grading of solids instead of applying 
the criterion in turn to each successive size group 


INTRODUCTION 


C. A. G. Weymouth’s theory of particle interference, first presented in 
1933, is based on the assumption that fine particles of an aggregate infiltrate 
into the voids of coarser particles. This seems a reasonable assumption 
since fine particles are more likely to be displaced by agitation or vibration 


of a fluid. It raises a problem for further study, however, of the fluidity 
necessary for the theory to apply. 


Weymouth expressed the opinion that the extent of particle interference 
was governed by the relationship between the size of infiltrating particles 
and the minimum clearance between evenly spaced larger particles. He 
derived an expression for this minimum clearance, f, in the following form 


(i) 

{= 1) D 
d, 

Where 


d, = maximum bulk density or the absolute volume of 1 cu ft of fully compacted 
material of the size group being considered 

da relative density of that size group in the particular grading, or the absolut 

volume it occupies divided by the volume available for it after the addition of 

all larger particles 


D, = average size of particles being considered 


DERIVATION OF WEYMOUTH FORMULA 


Briefly, Eq. (1) was derived in the following way. 
Let N be the number of particles in the size group per unit volume available. 
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Then 


d, = NgD,' 


where g is a shape factor (assumed constant). 

If these N particles were “blown up” to a size D,, so that they were in 
mutual contact in the densest packing, they would occupy a volume d,, 
since maximum density depends upon shape but not upon size. Hence 


d, = NgDn 


Dus d, My 
De \de 


iq. (2) and (3) give 





Fig. 1—Relationship of clearance to 
particle size 


D,, so that 


Mz) 
(= 1) D, (1) 
d, 


If the average diameter of the next smaller size group is D,4,, then 
Weymouth stated that there is no particle interference if 


d a 
Du +t-1 3 ( ) . |. 
d, 


APPLICABILITY OF WEYMOUTH FORMULA 


The application of this formula to concrete aggregates is valid provided 
that the following conditions are satisfied: 

1. Variations from spherical shapes introduce no significant error 

2. Variations in size throughout a size group may be allowed for by determining its 

average size. 

3. The particles are mutually in contact after being “blown up.” 

Weymouth indicated that variations in shape would affect the value of 
d, and thus no significant error would be introduced, and he implied that (2) 





PARTICLE INTERFERENCE 547 


was true although he did not derive an expression for the average size. In 
applying the particle interference criterion to each successive size group, he 
assumed that condition (3) was satisfied. Now, although (1) and (2) may be 
reasonable, the applicability of (3) is open to doubt. If the largest size group 
is being considered, then these particles may be “blown up” to give mutual 
contact. Successively smaller size groups, however, are affected by the 
presence of all larger particles, and hence the extent to which a fine particle 
may be “blown up” should be determined not by the requirement that it will 
touch a particle of similar size, but by the fact that it will touch a particle 
of a larger size. 

Inconsistencies 

The authors, in investigating the application of Weymouth’s theory, found 
that certain physical inconsistencies resulted from following the method 
which Weymouth adopted. 

These inconsistencies are demonstrated in Appendix 1. They appear to 
spring from the general application of Eq. (5) to successive size groups, 
although that equation has only a particular application. 

Fundamental application 

As stated at the beginning, the theory of particle interference rests upon 
the assumption that fine particles of an aggregate infiltrate into the voids of 
larger particles. The authors are of the opinion that this requires all fine 
particles to infiltrate into the voids of all larger particles. Moreover, if a 
grading has minimum particle interference, then the minimum clear distance 
between all larger particles is not less than the effective size of all fine particles, 
and this requirement should hold regardless of what size is assumed in deter- 
mining fine particles and larger ones. 


Thus in Fig. 2, 2 ~« represents an arbitrarily chosen size, all particles 
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Fig. 2—Arbitrary definition of fine and coarse particles 
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coarser than «~—2z have an average size D and all particles smaller than 
x- a have an average size d. 

Eq. (5) is completely valid for spheres of uniform size and it has been 
extended to apply to particles of varying sizes and approximately uniform 
shape. If the variation of sizes is not critical, then the equation can be ap- 


plied to a range of sizes, provided that the average size of both coarse and 


fine fractions can be obtained. In this event, the requirement for minimum 


interference becomes 


Where 
d, maximum bulk density of all larger particles 
d, = relative density of all larger particles 


Average size 

Eq. (5) was derived by considering the volume of a specified number of 
particles and hence the average size of particles should be determined in the 
same manner. 

The absolute volume of the larger particles 


d, 
= NgD 


Where 
N number of larger particles 


g = Weymouth shape factor 
D mean diameter of all larger particles 


Subdividing this fraction into a number of size groups 
so that 


Then 


and 


dg = ZUNigD, 


From Eq. (6) and (7) 
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so that 
» Vi Di? 
—. rv, d, 
Vv: = 2ViDi-* SVD, 
“D3 


a Pl 
~ | 2ViD.- 


The average diameter thus depends upon the grading. 

Concrete gradings are usually specified in terms of sieves with openings 
in geometrical progression with a descending ratio of 14. If the distribution 
of particles throughout one of these size groups is uniform (7.¢., it gives a 
straight line on the semi-log scale upon which gradings are plotted) and if 
this size group is subdivided into z (-» ©) subdivisions 


do 
V2 V; 
+ - 
D,*( %4)*/? Di %y Sa 


Db 


1, D\? : ; 

reg ri since V, = 
: zDD,’ 

(1 + 29/2 + 28/2 4 8) 


since d, 


Hence 
3.37 D* = DD, 


D = 0.67 D,; 


Fundamental relationship for minimum particle interference 

Thus for uniform grading in a size group, the average size is approximately 
24 of the maximum. Uniform distribution in a size group is assumed here, 
but any deviation in practice will involve a calculable correction. 

Eq. (9) may be used for determining the average size of any grading and 
hence it may be used to determine the effective size of both coarse and fine 
fractions. With a notation in which capital letters refer to coarse particles 
and lower case letters to fine particles 


F De 
)=[- 
zViD, 


‘ D, 4 De | Vy D.” D.” 
De 2ViD,-* (2V,D,-*)* 
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If the total absolute volume of 1 cu ft of fully compacted solids conform- 
ing to the grading curve is V, then V — D, is the absolute volume of fine 
material. 

Hence 

(V — Da)% 


1 = ; (12 
(Zv,d, 4% } 


So that the criterion that d t for minimum particle interference is 


(V — D.)% _ D4 — Do” 
; — & ; ; (13) 
(Yv,d,-*)* (ZViD, of 


It should be noted that D, and D, refer to the coarser particles combined 
in the proportions given by the grading curve. 


Kq. (13) may be written in the form 


V—-De — 2d 
: ce 


(D.% — De”)? ZV;D,-3°** 


V - Da . " 
yv,d,;" = —— from Eq. (12) 
d3 


and 


. Da 
zViD* = D? from Eq. (9) 


Hence 
V —-Da _ (V — D.) D 


1 


(D.% — Da) ~ 


. average size of fine particles 
Where r = d/JI) or the ratio of thn linen sha noo 


average size of coarse particles 


r 


Fig. 3—Maximum volume of coarse material, D., without particle interference 
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Therefore 
rp, & (D4 — D4) 
rD.* & D.“4 — D.% 


In Fig. 3, D, is plotted against r for differing values of D, for the limiting 


case of 


This gives the maximum volume of coarse material, D,, that can be intro- 
duced into a grading without causing particle interference. 
EXAMINATION OF GRADING CURVES FOR PARTICLE INTERFERENCE 
The examination of a particular grading curve for particle interference 
is shown in Table 1 to illustrate the following procedure. 


Column 1—Sieve sizes 
These include the sizes for the cement. As the general theory deals with the 


distribution of particle sizes irrespective of their function, it is clear that all 


solids should be included in the examination. 


Column 2 
The theory deals with relative sizes of particles, so that it is unnecessary 


TABLE 1—EVALUATION OF GRADING CURVE FOR PARTICLE INTERFERENCE 


2 $ 4 5 ) 7 
Rela Propor 
B. 8. Sieve tive tions by 
size volume 


A 


s y 
Dz of Maximum 
grading Dae 
Fig. 3 


0.440 


14400 


Cement 


¢ fract 
D r raction 104 


decimal 0.0096 0.0174 0.03340 
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to insert the actual particle sizes. The relative values given in this column 
have been chosen to give convenient values of d* and D*. 
Column 3 
These are proportions by volume, and again are relative values. 
Column 4 
An arbitrary division is made at the British No. 14 sieve size. All particles 
passing this sieve are assumed to be fine material. 
For the coarse material 
39+174+64+6 | 
D) «= —————_ = 79 
6 
gt at 2 
and for the fine material 


F 6+9+3 + 14 1 
QGeae::""°.20°”°:""" = 
5+ 9X2* + 3x4* + 14X32 14,300 





It will be apparent that only the latter terms of the denominator are sig- 
nificant, and this allows a rapid calculation. 


Column 5 


The arbitrary division is here made at the No. 25 sieve, so that all particles 


passing this sieve are regarded as fine material. 
Column 6 

The arbitrary division is made at No. 52 sieve. 
Column 7 


This gives the maximum absolute volume of the coarse material combined 
in the proportions of the grading curve. Thus the first figure (0.65) repre- 
sents the maximum bulk density of 34 to %%-in. aggregate. The second 
figure (0.67) is the maximum bulk density of 34 to %%-in. and % to %-in. 
particles combined in the proportions 39:17, respectively. The third figure 
(0.70) is the maximum bulk density of 34 to 34-in, 3% to %@-in. and %-in. 
to No. 7 particles combined in the proportions 39:17:6, respectively, and so 
on. 

Column 8 

This gives the absolute volume of all material coarser than the last named 
sieve. Thus the first figure is (39/100) * 0.87, and the second figure in the 
column is (39 + 17)/100 X 0.87 and so on. 

Column 9 


This gives the maximum volume of coarse material that can be introduced 
without causirtg particle interference. It is read off the graph of Fig. 3. Thus 
for the arbitrary division at the No. 14 sieve, D, from column 7 is 0.74, and 

= 1/104 = 0.0096. From Fig. 3, maximum D, = 0.72. The volume of 
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Fig. 4—A comparison of gradings for particle interference 


coarse material included in this grading (column 8) is 0.591. Hence there is 
no particle interference at this size. Particle interference begins at a size 
between the No. 25 and 52 sieve. 


INTERPRETATION OF RESULTS 


dD, 


De = — 
(1 +r) 


15a) 


gives the maximum volume of coarse aggregate that can be introduced into 
a mix without causing particle interference. The grading analyzed in Table 
2 is plotted in Fig. 4 as grading A, and a gap-graded aggregate (B) is also 
shown. Grading A relies upon an increasing value of D, to displace the point 
of particle interference to the left, while a low value of r achieves the same ob- 
ject for grading B. The latter method gives a grading with more fines, so 


TABLE 2—CALCULATION OF ft 


0 | No. 100) No. 48 | No. 28 | No. 14 | No. 8 
Groups to | to to to to to 


No. 100| No. 48 No. 28 No. 14 No. 8 


Avge D, mm 0. O84 
Sand, pone | 
Gravel, reent 


0.220 | 0.441 0.877 | 1.764 } 
| 31 24 
. Absolute volume 003 | 020 


6 iv 


| 0.102 | 079 0.062 
2. Relative spaces 294 314 | 0.416 495 0.557 
3. de 010 064 0.246 160 0.111 

. 000 630 | 0.650 650 | 650 | 

t, mm 245 | 251 | 0.161 523 1.41 

. Critical t | 0.161 523 

. Di, mm | 0.2201 0.441 


An alteration in percentage of gravel to 
alters only the two columns on far right. 
. Absolute volume ! | 
. Relative spaces 
3. de 
. ds 0.65 


. mm 
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Fig. 5—Effect of particle interference on workability 


that although the size at which particle interference begins is finer than 
for grading A, the volume causing interference is greater. The relative 
importance of these two factors is difficult to assess, for at low water contents 
the behavior of a mix is affected by other variables. 

It would appear from wrokability tests upon these two gradings that the 
size at which particle interference begins is the fundamental criterion. Fig. 
5(a) shows the compacting factors for gradings A and B plotted against 
weight of water per pound of solids. Grading B becomes more workable 
than A when the mix has sufficient fluidity for the Weymouth criterion to 
apply. ‘This is further borne out by Fig. 5(b) which gives similar curves for 
mixes containing aggregate conforming to grading A and cement in the 
proportions 4'4:1, 6:1, 7/4:1 (by weight), respectively, to give combined 
gradings as shown in Fig. 6. 

As previously stated, the problem of the fluidity necessary for the theory 
to apply warrants further study, but it appears that the Weymouth criterion 
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is applicable in the range of hand tamped concrete, whereas vibrated con- 
crete lies outside its range. The criterion for this latter method of com- 
paction is more likely to be minimum surface area, provided that sufficient 
fines are incorporated to prevent segregation. 
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APPENDIX 1—INCONSISTENCIES IN WEYMOUTH METHOD 


Dunagan’ has pointed out that the Weymouth formula 


t d.\"* 1} / 
= dn 
d, 
d\* 
te D 


p = proportion (by volume) of material finer than d 


rationalized the exponential 


Where 


d = size of particles being considered 
D = size of the largest particles 
xz = an arbitrary exponent 
Dunagan’s paper included a proof by T. C. Powers that the curves of Eq. 
(1) and (16) are identical. 
In the Weymouth formula, if d, is constant for all fractions, 
p=(1 d,)" (17) 
where p has the same meaning as in Eq. (16) and n = number of size group 
counting the largest size group as 0. 
If the two curves are identical, then equating Eq. (16) and (17) 


(7) 
= (1 d,)” 
D 
d 
— 


where r is the descending ratio of size groups, and substituting in Eq. (18) 


then 


ro? = (1 és d,)” 
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so that 


log (1 — d,) 
“ log r 
Thus xz depends on d, and r and not on d, alone. If z is dependent only upon 
the aggregate, 1 — d, must vary directly with r. Fig. 7 shows the gradings 
obtained when r is 14, 1/¥2, and when r + 1. On the basis of calculation 
used by Weymouth, minimum particle interference therefore depends not 
only on the physical properties of the aggregate, but upon an arbitrary de- 
cision taken in calculating it. This appears to be in conflict with recognized 
physical laws. 

The application to a specific grading curve of the Weymouth criterion 
leads to the conclusion that the grading of fines is dependent upon the volume 
but not the grading of coarse particles. This will be clear from an examination 
of Table 2 which reproduces part of Table I of Weymouth’s original paper.' 

Further, in his Table 1, Weymouth gave t for No. 100 to No. 48 as 0.251 
despite the fact that for the next larger size ¢ is 0.161. These points indicate 
that the method has no “memory.” It is therefore reasonable to conclude 
that the method adopted by Weymouth is in error and it would appear that 
the error lies in applying the criterion in turn to a series of arbitrarily chosen 
size groups. 


For such discussion of this paper as may 
develop please see 1957 JouRNAL pages. 
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3 percent CaCl, by weight of the cement. 
little corrosion; after 28 
days in water and air, corrosion started at 


The steel showed 
the ends of the rods. In most cases, corrosion 
did not increase as the concrete hardened. 
Addition of 2 percent CaCl, is permissible 
Ad- 
dition of 18 percent CaCl, + 5 percent NaCl, 
and 10 percent CaCl, + 5 percent NaCl by 
weight of the water, to cold concrete caused 
strong corrosion after 28 days in water and 
air; corrosion increased with time. 


since it causes practically no corrosion. 


Hardening processes of cements dur- 
ing treatment with high-pressure steam 


(in Russian) 


P. I. Bozuenov and G. F 


. Suvornova, T'sement, V. 21 
No. 5, 1955 pp. 4-8 


Ceramic AnsTRACTs 
May 1956 (Kamich) 


At temperatures up to 1000 C in saturated 
steam, the hydration products have char- 
different from those of normal 

As pressure rises, the ratio of 


acteristics 
hardening. 
crystalline products to gel-like products in- 
Strength tests show that for each 
cement, depending on its mineral compo- 


CTeases. 


sition, there is an optimum condition of auto- 
claving within the limits of 15 to 25 atmos- 
pheres which will give the most rational ratio 
of crystalline and colloidal hydration products 


Cold twisted reinforcing steel (in Dutch) 
P. J. Van Tussensroekx, Cement (Amsterdam), V. 8, 
No, 13-14, Feb. 1956, p, 332 
Reviewed by Joun W. T. Van Erp 
Some rules for the use of high-strength 
steel are given, based on maximum per- 
missible crack widths that will still prevent 
corrosion. These rules have been set up by 
the building supervision departments of the 
biggest cities. For 
width of 0.008 in. 


exterior exposures a 


and an allowable unit 
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stress of 24,000 psi, for interior exposure a 
width of 0.012 in. and a stress of 30,000 psi 
s given. The minimum reinforcing is 0.2 
percent for statically indeterminate and 0.3 
percent for statically determinate structures 
based on effective depth. If diagonal tension 
reinforcement is necessary at least 75 percent 
of such reinforcement shall be bent up bars, 
and the remainder stirrups. Compressive 
reinforcement may not be taken into account. 
A chart gives the reinforcement percentage 
for certain crack widths, steel stresses, and 


moments. 


Importance of free lime in portland 
cement for the resistance of con- 
crete to attack (in German) 
F. W. Meter-Grotman, Zement-Kalk-Gips (Wies- 
baden), V. 9, 1956: No. 1, pp. 15-28; No. 2, pp. 58-71 
Ceramic AnsTRacrs 
July 1956 (Hartenheim) 
The unbound lime hydrate in the set cement 
is composed of the so-called free lime and of 
the lime hydrate separated in the course of 
the hydraulic hardening of the cement from 
the lime-rich Ca silicates of which only a 
small part is used in the formation of lime- 
rich aluminates. Results of tests to evaluate 
the role of free CaO in concrete are sum- 
(1) The hydrolytically 
separated Ca hydrate is not attacked as it is 


marized as follows: 


surrounded by the gel mass; (2) The critical 
limiting value for the content of free CaO 
is 0.5 percent of the cement for concrete 
mixes containing up to 300 kg per cu m of 
cement, Mixes with over 400 kg per cu m 
of cement are less susceptible owing to the 
(3) The 
C;A content should not exceed 6 percent 


protective effect. of their density. 


(4) The best method for estimating the re- 
sistance of concrete is the determination of 
the modulus of elasticity by the acoustic 
(5) On the basis of these tests and 
attack 
modulus, A, was formulated as the quotient 


method. 
of theoretical considerations, the 
of the topochemically reacting constituents 
of portland 
reacting in the liquid phase: A = (C8 4 
CS + C,AF)/(free CaO + C,A + K,O 4 
CaSO,); this permits the determination at an 
early stage of the resistance of concrete on 
The attack of 
concrete decreases with higher A and higher 
density. Contains 102 references. 


cement and the constituents 


the basis of composition. 


Precast Concrete 


with 
panels 


Reinforced concrete buildings 
prefabricated external wall 
(in Danish) 
C. 8. Forum and K. E. Buurcaarp Jensen, Beton 
Teknik (Copenhagen), V. 22, No. 1, 1956, pp. 1-11 
Reviewed by T. HeRnMAaNnsen 
multi- 
story reinforced concrete buildings with pre- 
fabricated external wall panels. About 2000 
units The size of each 
panel was 914 x 11) ft, the weight about 
2.3 tons. 
crete 


Describes the construction of six 


were fabricated, 
They were cast with a dense con- 
lightweight 
Concrete molds were used. 


facing and a concrete 


backing. 


Properties of Concrete 


Method for determining the moisture 
condition of hardened concrete in 
terms of relative humidity 

C. A. Menzex, Proceedings, ASTM, V. 55, 1955, pp. 
1085-1109 (including discussion) 


method and 
apparatus for determining the moisture con- 
dition block 


pressing the directly in 


Describes a rapid simple 


of hardened concrete and ex- 


results terms of 
relative humidity. The method gives reliable 
condition of 
15 to 30 min and 


should be particularly useful as an acceptance 


indications of the moisture 


concrete block in about 
test and also as a routine plant control test. 
The that 
they indicate the average humidity in service 


results are particularly useful in 
to which the block is suited or whether further 
drying is required. With some modification 
the method can also be used to determine 
moisture condition of hardened concrete at 
interior of 


the surface or in the large 


specimens 


Structural Research 


Results of experiments on beams 
prestressed by deformed bars 


A. D. Ross, Civil Engineering and Public Works Review 
(London), V. 50, No. 588, June 1955, pp. 639-642 

Hiouway Reseancn Anerracts 

Apr. 1956 


A report on a series of tests made to 


examine the use of deformed bars for pre- 





560 


tensioning and anchorless post-tensioning 
and to assess the performance of the resulting 
beams, 10 ft 6 in. long. 


ing is 


Provided the grout- 
efficient, anchorless post-tensioning 
with déformed bars is a practicable form of 
construction; there was no end-slip over the 
whole range of loading up to failure. Pre- 
tensioned beams made with deformed bars 
have a better load-factor and a lower crack- 
spacing than a comparable post-tensioned 
beam with conventional end anchors. 


General 


Dynamics in tall structures, especially 
in industrial buildings (Dynamik im 
Hochbau, besonders bei Industrie- 
bauten) 

J. Getorr, Der Bauingenieur (Berlin), V. 30, 


June 1955, pp. 210-217 
Reviewed by Anon L. Mirsky 


No. 6, 


A thorough discussion of vibrations in a 
textile mill, including resonant frequencies 
and forces on walls (solid and brick), and 
upper-story floor slabs supporting a number 
of machines. Also discussed are the vibra- 
tions of the structure as a whole, characteristic 
frequencies and modes, vibration measure- 
ments, and methods of reducing or damping 
out vibrations. 

Paper was abstracted (by author) in Zeit- 
schrift VDI, V. 96, No. 36, Dee. 21, 1954, 
pp. 1230-1232. 


Lectures at the yearly convention of 
the German Concrete Association (in 
German) 


Deutscher Beton Verein E. V., Wiesbaden 
pp 


1955, 368 
Reviewed by Joun W. T. Van Erp 


All thirteen lectures are reported, the first 
of which goes far beyond the scope of rein- 
forced concrete. It treats the newer con- 
cepts about the origin of the universe, the 
origin and age of all inorganic matter, the 
chemical elements. 
matter from 
plained, thus giving the yearbook a 


Deductions about earthly 
celestial observations are ex- 
much 
wider aspect than routine concrete problems. 
Somewhat related to this, however, is the 
subject of the next lecture: the durability of 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


November 1956 


concrete and deterioration. Other subjects: 
design by the n-free method; ultimate strength 
method of design; concrete dams; concrete 
reconstruction in the port of Hamburg; 
successful cooperation of structural engineer 
(concrete designer) and architect, as in the 
design of the market hall in Hamburg. 
Also treated are determination of water con- 
tent in aggregates, tests of joist floors under 
long-term sustained loading, practical and 
theoretical problems of prestressed concrete, 
elimination of the uneven stress distribution 
in prestress cables due to friction, and be- 
havior of overloaded prestressed concrete. 
The yearbook, lives up to its tradition of giving 
an up-to-date picture of our best knowledge 
of reinforced 


concrete and the solution of 


its many problems, 


Elevated storage tank in Bagnoli 
(Depésito elevado, en Bagnoli) 
Riccarpo Moranpt, Informes de la Construccion 
(Madrid), No. 78, Feb. 1956, Paper No. 581-11, 4 pp. 

A 132,000-gal. reinforced concrete indus- 
trial water supply tank is supported at 115 
ft (35 m) by a reinforced tower. 
The top section of the tower contains a 
20,000 gal. portable water supply tank. Rein- 
forcing details and 
given. 


concrete 


some design data are 


Some churches with shell-type roof 


construction (Einige Kirchen mit 
Dachausbildungen in Schalenform) 


Kur Hrrascurtetp, Der Bauingenieur (Berlin), V. 30, 
No. 5, May 1955, pp. 161-171 
Reviewed by Anon L. Minsky 


Describes two churches containing 
elements. St. 
Church, Aachen, has a large 
shell vault) roof, com- 


plicated by having two unequal spans longi- 


some interesting structural 
Sebastian's 
cylindrical (barrel 
tudinally, a short shell entering normal to 
the longitudinal axis, and a non-rigid support 
along one edge; a corrugated-type roof; a 
reinforced concrete open-web girder acting 
as the edge support of the main shell roof 
a diagonal-grid room covering; and a circular 
The Church 
the King, Neuss, has a doubly- 
thin shell cupola with 
Architectural treatment 


footing on elastic foundation. 
of Christ 
curved open edge 
and stress 
analysis are both emphasized in article. 


beams. 





